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"This report was prepared as an account of Government-sponsored work. Neither the

United States, nor the Administration, nor any person acting on behalf of the Admin-

istration:

a. Makes any warranty or representation, expressed or implied, with respect to

the accuracy, completeness, or usefulness of that information contained in this

report, or that the use of any information, apparatus, methods, or process

disclosed in this report may not infringe privately owned rights;

b. Assumes any liability with respect to the use of any information, apparatus,

methods, or process disclosed in this report."

As used in the above, "Person acting on behalf of the Administration" includes any em-

ployee or contractor of the Administration, or employee of such contractor to the extent

that such an employee or contractor of the Administration, or employee of such contrac-

tor prepares, disseminates, or provides access to any information pursuant to his em-

ployment or contract with the Administration or his employment with such contractor.
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SECTION 1

INTRODUC TION

The structural weight of a launch vehicle has been shown to exert a significant effect

on the attainable level of a system's cost-effectiveness. Its reduction leads to in-

creased payload capacity or margin of safety for constant system weight. A body of

structural weight sensitivity data, relating weight decrements to variations in design

parameters and methods, is therefore very desireable, not only for current design

ventures but also as a basis for formulating effective research programs in structural

technology.

The general unavailability of such information has been answered by the results of the

study documented in this report. Performed by the General Electric Company under

Contract NAS2-3811, the study evaluated the relative sensitivities of structural weight

to variations in design parameters and techniques in the following areas:

a. Design Criteria.

b. Unique Design Approaches.

c. Materials and Fabrication.

d. Analysis Techniques.

The parametric analyses were performed on each of the three baseline vehicle con-

figurations illustrated in Figures 1-1, 1-2, and 1-3. These vehicles, in the million-

pound payload class, were selected from a Post-Saturn Vehicle study performed by

the Martin Company (References 1 and 2) and represent a span of vehicle technology

extending from the near to the distant future. Their structural designs are based on

sound state-of-the-art design practice and criteria similar to those employed in the

Saturn V vehicle. Thus, they serve as a sound point of departure for the parametric

analyses. In each analysis, the parameters of interest were varied about their nomi-

nal values for each base vehicle and the effects on their structural weight noted.

In addition to these three configurations, five others were derived from the 201 Vehicle

shown in Figure 1-2. While thrust, payload and propellant loading were held fixed,

the fineness ratio, payload density and tank positions were varied. Figure 1-4 shows

the basic 201 Vehicle and the four modified versions reflecting the fineness ratio

(Vehicles 202 and 203) and payload density (Vehicles 204 and 205) variations. The

fifth 201 derivative (Vehicle 202RT) is not shown herebut is identical to the 202 Vehicle
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Gross Weight at Liftoff

First Stage Thrust

At Liftoff

Nominal (Vacuum)

Vehicle Reference Diameter

Aerodynamic Reference Area

Vehicle Length

First Stage Effective Nozzle

Exit Area

First Stage Propellant Weight

Flow Rate

Propellant Mixture Ratio

First Stage N-1 (LOX/RP-1)

Second Stage N- I 1 (LOX/LH 2)

Number of Engines

Nominal Vehicle Structural Weight

Second Stage Structure

First Stage Structure

Total Vehicle Structure

Nominal Payload

VEHICLE DATA

20,139,000 lbs (9,135,050 Kg)

25,200,000 lbs (112,089,600 N)

28,337,000 lbs (126,042,976 N)

65.5 ft. (19,96 m)

3,369.55 sq. ft. (313.03 sq. m}

415.4 ft. (126.61 m)

215,909 sq. in. (139.26 sq. m)

95,093 lb/sec (43.134 Kg/aec)

2.25

5.0

14 F-I/3 M-1

304,134 lbs (137,955 Kg)

452,1711bs (205,105Kg)

756,305 Ibs (343,060 Kg)

811,000 lbs (367,870 Kg)

128.5 m

i04.8m

5057.2 in.

4126 in.

94.7 m 3730 in.
=

91.7 m _ _ 3610 in.

87.4 m _ 3439 in.

41___60 ft. dia. _
(18.29 m--_

80.3 m 3162.6 in.

71 m PI¢ / _' -- '_'_'_ i 2795 in.

,
52.__L___ 2075in____:

48 4 m k_o.JL...J 1905 in.

41.3 m t/t" _N., 1627 in.

37.5,,-E (18._,,_ -_ . 1477in.

21.7m _ 856 in.

7.6 mA_--_//'__ -- 300 in.

__ __HII II s,,tio.
1.8m I l II I _ _1 |/ 721n.

Figure 1-1. Vehicle i01 Configuration
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Gross Weight at Liftoff

Thrust

At Liftoff

Nominal (Vacuum)

Vehicle Reference Diameter

VEHICLE DATA

1_,400,000 lbs (6,531,840 Kg)

18,000,000 lbs (80,064,000 N)

21,851,000 lbs (97,193,248 N)

70 ft. (21.34 m)

Acrodynamic Reference Area

Vehicle Length

Effective Nozzle E,,dt Area

Propellant Weight Flow Rate

Propellant Mixture R"tio

N-I (LOX/LH 2)

N-If (LOX/LH)

Number of Engines

Nomin_ Vehicle Structural Weight

Second Stage Structure

First Stage Structure

Total Vehicle Structure

Nominal Payload

3,848.45 sq. ft. (357.52 sq. m)

422.5 ft. (128.78 m)

262,044 sq. in. (169.02 sq. m)

47,452 lb/sec (21,524 Kg/sec)

6.5

6.5

18/2 High Pressure

123,429 lbs (55,987 Kg)

557,393 lbs (257,369 Kg)

690,8221bs (313,356 Kg)

1,019,000 Ibs (462,218 Kg)

131.5 m

102.2m

84.4 m

'\ _ /

72"7mi AI..... '/-

60.2m L-._ L. "

f •

52.7 m

t f %'%
35.1m

70 ft. dia.

(21.34 IT,)

23.8m

12.7m

6.2m

2.7m

5178.5 in.

4023.$ in.

3321.5 in.

i. 3201.5 in.

2370 in.

2073 in.

1380 in.

935 in.

500 in.

Gimbal Station

242.15in.

108 in.

77.9 ft. dia.

(23.74 m)

Figure 1-2. Vehicle 201 Configuration
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Gross Weight at Liftoff

Thrust

At Liftoff

Nominal (Vacuum)

Vehicle Reference Diameter

Aerodynamic Reference Area

Vehicle Length

Effective Nozzle Exit Area

Propellant Weight Flow Rate

Propellant Mixture Ratio

Number of Engine Modules

Nominal Vehicle Structural

Weight

Nominal Payload

VEHICLE DATA

24,000,000 lbs (10,886,400 Kg)

30.000,000 lbs (133,440,000 N)

35,570,000 lbs (158,215,360 N)

80.0 ft. (24.38 m)

5,026.548 sq. ft. (466.966 sq. m)

402.1 ft. (122.57 m)

379,008 sq. in. (244.46 sq. m)

79,576 lb/sec (36,096 Kg/sec)

(LOX/LH2) 7.0

24 High Pressure

641,320 lbs (290,903 Kg)

1,358,000 lbs (615,989 Kg)

128.2 m

/
/

98.9 m

70 ft. dia.

(21.34 m)

72.2 m

\
\

18.9m

10.2m

5.7m

5048 in.

3893 in.

2844 in.

2724 in.

2328 in.

2280 in.

745 in.

400 in.

Glm_tation

223 in.

f

88.33 ft. dia.

(26.92 m)

1-4

Figure 1-3. Vehicle 301 Configuration
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except that the first-stage propellant tank positions are reversed. This was done as

a part of the investigation of front-end steering--to evaluate the effect of mass

distribution.

These parametric analyses were performed with the aid of specialized computational

modules developed by the General Electric Company in earlier efforts. These modules,

described in Appendices A and B, were integrated into a novel approach to parametric

analysis of structures to enable the efficient evaluation of a very large number of

individual and combined parameter variations. This procedure, which is discussed

in detail in Section 2, reduced the data handling task to manageable proportions.

The remaining study topics, not involving parametric analyses, consisted of special

studies which evaluated the effects of varying design approaches and analysis tech-

niques. These were conducted primarily as analytical efforts, using small, special-

ized computer programs where necessary.

Structural weight sensitivities were determined by calculating the aggregate structural

weight of each vehicle when designed to meet the specified design criteria and configu-

ration. In a typical vehicle, the various sections were calculated by several different

methods, some employing the above computation modules and some by special hand

calculations. Table 1-1 illustrates the method of analysis (analytical and numerical)

for a typical vehicle used in this study.

Since the objectives of the study included development of data suitable for planning

structural research efforts, the parameter and technology variations were not limited

to current state of the art. These currently practical limitations were relaxed so that

the most profitableareas for future advancement might be identified.

Volume 1 of this report presents a summary discussion of the study approach and its

principal results and conclusions. This volume presents the technical details of the

study. Section 2 describes the parametric analysis procedure in detail while the re-

maining sections discuss, in depth, the parametric analysis and special studies.

1-6
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SECTION 2

ANALYSIS PROCEDURES AND BASIC EQUATIONS

2.1 GENERAL

Structural weight sensitivities were determined for a wide spectrum of variables.

Literally tens of thousands of possible vehicles, featuring changes of one or several

parameters, were analyzed using automated computation systems whenever possible.

Special studies, involving either hand calculations or "one shot" computer programs

written by the investigating engineer, supplemented these automated calculations.

A series of continuing supporting studies simultaneously provided the basic data for

the above parametric studies, as well as supplying a source of ready reference material.

The emphasis of this section will be the explanation of the automated analyses. The

details of the special studies and the continuing supporting studies are dealt with in

Sections 6 and 7 of this volume. Coverage of the automated analyses is presented in

the following three paragraphs of this section. First, the basic equations used in the

loads analysis will be presented. This will be followed by a detailed account of the

organization and use of the basic tools for structural analysis which were developed

during this study. The last paragraph will briefly summarize the overall procedure

for evaluating structural weights for various vehicle designs.

2.2 BASIC EQUATIONS

The major structural elements of a launch vehicle were represented as thin shells of

revolution. It was further assumed that all structural loads were axisymmetric.

The axial force transmitted along the vehicle axis was derived from three sources:

a. The axial thrust loads.

b. The bending moment.

c. The tank pressure.

The magnitudes of these three loads were considered to be dependent upon the location

along the vehicle axis and the time of flight. The total equivalent axial force at a dis-

tance "x" along the vehicle axis for an arbitrary flight time "t," is expressed by Equa-

tion 2-1.

2M(x, t)
F(x, t) = -T(x, t) _+ R(x) + _ R2(x) P(x, t) (2-i)

2-1
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where:

F

M

T

P

R

is the total axial force.

is the bendingmoment.

is the axial force resulting from the thrust load.

is the local pressure (gauge)in the propellant tank.

is the local radius of the vehicle structure.

In the aboveequation, the minus sign signifies compression andthe plus sign signifies

tension. Theplus or minus sign on the bending moment term results from the non-

axisymmetry of the bendingload. Sincethere is nopreferential direction for the bend-

ing moment to act, either the plus or minus sign was chosento produce the most

severe load. The thrust loads are compressive and the pressure loads are tensile.

In performing a buckling analysis on a shell, the terms of Equation 2-1 were chosen
such that the maximum compressive load was developed. Thus, the minus sign was

used for thebending moment term which would add to the compressive thrust load.
Thepressure load, on the other hand, has a positive sign and tends to relieve the com-

pressive loads. Design loads are obtainedby increasing the limit loads by the factors

of safety with the exception that pressure relieving loads are left unchanged. Hence,

the first two terms of Equation 2-1 were multiplied by the factor of safety to obtain

the design load, andthepressure term addeddirectly to thedesignloadwithout increase.

For convenience, the load definedby Equation 2-1 was divided by the local circumfer-

ence of the shell to yield a stress resultant (or load intensity) N as shownby Equa-x
tion 2-2.

-T(x,t) M(x t) P(x t)R(x)
Nx(X, t) = 27r R(x) -+ ' + ' (2-2)

7r R2(x) 2

In a similar manner, the hoop loads due to the tank pressures were divided by the

local circumference of the shell to obtain the stress resultant N givenby Equation 2-3.
Y

N = R(x) P(x, t) + fl(t)T d(x)R(x) (2-3)
Y

where :

P is the local pressure (gauge) in the propellant tank.

R is the local radius of the vehicle structure.

2-2
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fl is the instantaneous acceleration in g's.

7 is the specific weight of the propellant in the tanks.

d . is the distance of station "x" below the level of the propellant.

The relative directions of N and N are shown on typical shell elements in Figure 2-1.
x y

Figure 2-1. Representation of Stress Resultants on Typical Shells

All possible failure modes were considered in applying these loads to the analysis of

the vehicle structure. In general, all failure modes were classified in two categories--

stability failures and strength failures. The buckling modes of failure were considered

2-3
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to be sensitive only to the compressive axial loads, whereas, the strength modes of

failure are dependentuponboth the axial andhooploads.

For isotropic materials, the Hencky-von Mises theory of failure was used to combine

the biaxial componentsof load. The resulting equivalent stress resultant was used in

the analysis of strength failures, basedon the uniaxial strength properties of the

structural materials evaluated. In terms of the biaxial stress resultants Nx and Ny,
the equivalent uniaxial stress resultant NOis expressedby Equation 2-4.

I 2 NY 21= N - N N + (2-4)
No x x y

whe re :

N is the axial (or meridional) stress resultant.
x

N is the hoop (or circumferential) stress resultant.
Y

N is the equivalent uniaxial stress resultant.
O

Two other failure criteria (i. e., Hill's Criterion and the maximum principal stress

criterion) were also applied during the study in order to evaluate the sensitivity of the

structural weight to methods of combining the biaxial loads.

For anisotropic materials, such as filamentary composities, the methods of combining

N and N to predict strength failures were more complex. The variety of winding
y x

patterns, filament materials, and binder materials preclude generalizations about the

interactions of stress components. For this reason, the relationship between loads

and structural weight are treated differently than for isotropic materials as discussed

in Section 5.

2.3 ANALYSIS PROCEDURES

2.3.1 THE CRITICAL LOADS ENVELOPE

The stress resultants N and N completely characterize (for isotropic materials) the
X O

loading of a structural element at any particular instant of time. Stability or buckling

analyses are dependent on N x and the strength analyses are dependent on N o. The

procedures for determining the critical values (i.e., the largest) of Nx and N o were

based on comparative selection from the loads at the five design points, as follows:

a. Prelaunch unpressurized.

b. Prelaunch pressurized.

2-4
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c. Maximum q(_product.

d. Maximum pressure on propellant tank bottom heads.
e. Maximum acceleration.

Each designpoint enumerated is shownin Figure 2-2. A stepwise procedure is in-

cluded here to illustrate selection methodsof Nx(X, t).

Ste___p._--TheN due to axial thrust loads i.e.
X _

Nx(X t) = -T(x, t)
' 2_ R(x)

in Equation 2-2 was distributed along the vehicle as represented in Fig-

ure 2-2(a). For the prelaunch conditions, the load was the weight of the

vehicle being carried through itsown structure. The distributionof the in-

flightloads changed with time as the engine thrust increased with altitude

and the propellants were expended.

Step 2--Adding the bending moments, i.e. ,

Nx(X t) = -T(x, t) _ M(x, t)' 2_ R(x) e
R (x)

in Equation 2-2 the load distributions represented in Figure 2-2(b) were ob-

tained. The prelaunch bending moments were greatest at the base of the

vehicle and gradually attenuated to zero at the nose of the vehicle. Inflight

bending moments, on the other hand, were greatest somewhere in the middle

of the vehicle and attenuated toward both ends. The greatest inflight bending

moments occurred at the maximum q_ condition and were negligible at the

time of maximum acceleration when the vehicles were outside the wind dis-

turbances of the atmosphere.

S_p 3--Adding the loads due to propellant tank pressures, i.e.,

Sx(X, t) = -W(x,2_R(x)t)_ M(x, t) + P(x, t)R(x)
7r Re(x) 2

modified the load distributions as shown in Figure 2-2(c). The pressures of

the various propellant tanks vary throughout the vehicle's flight. This was

used to advantage in decreasing the critical load of pressurized tank cylinders.

There were limitations to be concerned with, however. By increasing the

propellant tank pressure the critical values of N for the tank walls were de-x

creased, but the critical loads on the heads of the tank were increased.
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Step 4--The difficulties of representing the irregular load distributions of

Figure 2-2(c) in a concise format were overcome by breaking the vehicle into

several structural elements. The average value of N was then considered to
x

be representative for each element. The vehicles were conveniently divided

into 15 to 20 shells such as interstages, tank walls, tank heads, skirts, etc.

Usually, the value of the stress resultant did not vary greatly along the sepa-

rate structural elements, so the actual load distribution shown in Figure 2-2(c)

is approximated as shown in Figure 2-2(d). The critical loads envelope was

then developed by choosing the maximum value of N x from the five design

points for each of the structural elements of the vehicle.

A similar procedure was used to find the critical loads distribution for N . For un-
o

pressurized sections, there are no hoop loads so N is equal to N as can be seen in
o X

Equation 2-4. The critical loads envelope in the unpressurized cylinders, therefore,

was completely described by the critical N envelope. The tank heads, on the other
x

hand, carried no compressive loads so their loads envelopes were completely described

by the critical NO envelope. Only the pressurized tank cylinders required critical

values of both N x and N o to describe the loading conditions.

In constructing the critical loads envelopes as represented in Figure 2-2 it was appar-

ent that a total mission profile must be considered. For example, the prelaunch bend-

ing moment was significantly decreased by varying the prelaunch wind criteria. Major

reductions in the vehicle loads at prelaunch resulted. However, reduction in the loads

is not necessarily accompanied by a reduction in the structural weight, but is affected

only by changes in the critical loads envelope. Since the prelaunch loads did not con-

tribute to the critical load envelope, there was no advantage to decreasing the pre-

launch wind loads from a structural weight point of view. Although the prelaunch

loads were used as an example, the same arguments are valid when the loads at the

other design points are considered. Before any valid conclusions could be drawn from

the evaluation of changes in the loads at a particular design point, the impact on the

critical loads profile was considered.

It was also observed that each of the structural elements can derive its critical load

from different design points. For instance, an interstage might be designed by the

loads occurring at the time of maximum qa, and a tank wall of the same vehicle might

be designed by the loads occurring at the time of maximum acceleration. For a par-

ticular structural element, it was also observed that the critical values of N and N
O X

are not necessarily derived from the same design point.
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Although Figure 2-2 serves well to illustrate the method of constructing a critical

loads envelope, it does not lend itself to a concise presentation of the numerical data

associated with a particular configuration. Consider instead the tabular presentation

of data as shown in Table 2-1. Each row of this table describes the load distribution

for one of the five design points shown in Figure 2-2.

The columns of Table 2-1 are associated with the structural elements (or sections) of

a typical vehicle which are numbered as indicated. The entries of numerical data in

the rows of Table 2-1 are the average values of N x and N o for their respective sections

of the vehicle structure as illustrated in Figure 2-2(d). The critical load distribution

was constructed by choosing the largest numerical value in each column. As was ex-

plained earlier, the pressurized tank cylinders were identified with critical values of

both N x and N o. Another simplification was employed by normalizing the entries

in each column of Table 2-1 with respect to the nominal critical load of that section.

This resulted in a presentation of the data as shown in Table 2-2.

The load distributions presented in Table 2-1 and Table 2-2 were based on one set of

load parameters such as inflight winds, prelaunch winds, maximum boost accelera-

tions, type of nozzle, and propellant tank pressures. When different values of these

load parameters were considered, the load distributions for the five design points

changed. The net effect was that Tables 2-1 and 2-2 gained additional rows of data

for each design point. Considering the 201 Vehicle configuration as an example, the

Loads Summary Chart shown in Table 2-3 is an expansion of the format of Table 2-2.

The load distributions associated with several representative values of the load param-

eters of interest were summarized in this chart. Loads were normalized with respect

to the critical load distribution associated with the nominal loading conditions.

The nominal load parameters listed below are considered to be representative of

current design practices.

Prelaunch Winds

Inflight Winds

Maximum Boost
Acceleration

Type of Nozzle

99.9 percent probability of occurrence, vehicle
pressurized or unpressurized (vented).

95 percent probability of occurrence, vehicle
pressurized.

101 Vehicle--4.8 g's.
All 200 Series Vehicles--5.55 g's.

301 Vehicle--2.5 g's.

101 Vehicle--Gimbal Nozzle

All Others--Plug Nozzle
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Table 2-3

Loads Summary Chart
201 Vehicle Configuration

Loading Condition

Unpressurized

_ _ Pressurized

Tanks

Unpreosurized

_ _ Pressurized

Tanks

_ Plug Nozzle

i Front Steering

N _ Gimbal Nozzle

i Plug Nozzle

Front Steering

Glmbal Nozzle

E

_ Pl_gNozzl_

._ Front Steering

_ Gimbal Nozzle

Front Steering

Glmbal Nozzle

_ m Pressurized

Tanks

_" _ Vented T_nks

Plug Nozzle

•_ Front Steer ing

_ Gimbal Nozzle

_ _ lqug Nozzle

_'ront Steering

i Gimba[ Nozzle

E

-_ _ Front Steeri, g

-_ _ Gimbal N,,zzle

_ _ Plug Nozzle

From Steering

(;imIm I Nozzle

_ection

N /N Nominal N N Nominal
x x (

L 2 4 7 _ 9 10 II 2 3 5 6

.654 .9O4 .524 .288 .24_ .236 .224 .2O2 .427 .O05 .50:i .347

.654 .711 .524 .288 .248 .236 .224 .2O2 .49O .242 .566 .:_67

.574 .797 .477 .233 .2O4 .199 .176 .155 .38O .OO5 .5O3 .347

.574 .605 .477 .233 .2O4 .199 .176 .155 .45O .242 .566 .367

1.000 1.000 1.000 .964 .882 .846 1.000 1.000 .919 .668 .942 .778

.767 .566 .680 .5O2 .504 .525 .616 .716 .781 .66_ 942 .77_

.801 .775 .934 .9O6 .843 ._21 .97O .973 .841 .66_ .942 .77_

1.000 1.530 1.000 .964 .8_2 .846 1.000 1.000 .699 0.0 .710 .O53

.767 1.09S .SS0 .502 .5O4 .525 .616 .716 .505 0.0 .710 .O53

.801 1.323 .934 .901S 843 .821 .97O .973 .586 0.0 710 .O53

.991 .985 .986 .942 .863 .829 .975 975 .S13 .66S .942 .778

.767 .565 .679 .499 ,5O0 .52O .6O6 .7O2 .781 .668 .942 .77_

.8O0 .764 .923 .887 ._26 .81/4 .946 .948 .839 .668 .942 .778

.991 1.513 .9S6 .942 S63 .829 .975 .975 .692 0.0 .710 .053

.767 1.093 .679 .499 .5OO .52O .6O6 .7O2 .5O5 0.0 .710 .O53

.8O0 1.293 .923 .887 .826 ._04 .946 .94_ .59l 0,0 .7L0 O53

.780 363 .666 .683 .668 .667 .553 47_ .955 941 I 000 i.000

.78O 1.121 666 .683 .668 667 .553 478 .5O5 0.0 .771 0

.783 >339 ,653 1.000 1.000 1.000 _, ,716 1.000 1.0OO 469 1.000

.783 339 .653 1.000 l.ed0 ].000 ._2_ 716 1.000 1 ._'00 469 1.000

.783 .339 .653 1.000 1.000 1.000 .829 .7]6 1.000 [ ._,o0 .4_ 100_}

.783 1.125 .653 1.000 I .t_00 1.000 .829 .716 5O6 0.0 ._)7_ t)

,783 1.125 .653 1.000 1.000 t.000 ._29 .Tla 5O6 0.0 O76 _

,783 1.125 .653 1.000 1.000 1.000 ._29 >716 .5O6 0.0 07_ 0

.83O .652 ,746 .51_4 .523 .514 .SZ:l .5O:] ._35 .7O2 .997 ._14

.77_ 545 .668 45] 43O .435 .t2_ .431 ._04 7_,_' _97 _14

.785 .594 .729 55O .51:1 5O7 .515 496 ._1_ 7O2 _97 .,_lt

.836 1.206 ,746 .564 .52:] .514 52:1 .50:i 555 0.0 .771 .01_)

.77_ 1.100 .668 451 .130 .435 42_ 4:tL 5O7 0.0 77L .010

.7_5 1.14_ .729 55O _1:} 5O7 .51_ 496 52_ O, 771 0|_
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The specific pressure profiles for the propellant tanks, and the synthetic wind profiles

are presented in detail in Section 3 of this volume.

The loads summary chart of Table 2-3 is a flexible tool which was developed to help

obtain the critical load envelopes for a variety of loading conditions. This was done by

selecting the appropriate rows from the loads summary chart, corresponding to the

design points and load conditions of interest. These selected rows were then arranged

in a format similar to the one presented in Table 2-2. Then, the critical loads en-

velope was obtained by selecting the largest number in each column.

2.3.2 USE OF WEIGHT/LOAD RELATIONSHIPS

Once the critical load envelopes were identified, the evaluation of the weight of the struc-

ture necessary to sustainthese loads remained. Toward this end, Weight/Load matrices

were developed. Typical examples of these matrices are shown in Figure 2-3. These

matrices present the structural weights of various sections of the vehicle over a range

of the normalized values of Nx and N o. Each matrix presents the weight of a struc-

tural element for several types of wall construction and for a specific material. A

collection of the Weight/Load matrices used in this study is presented in Appendix C

for various materials and types of construction.

When the critical loads envelope was established, the structural weights of the vehicle

sections could be obtained by interpolation. For example, under the conditions of

nominal load, the normalized values of N and N were 1.0 and 1.0 respectively.
X O

From Figure 2-3, therefore, the weight of the 201 Vehicle first stage hydrogen tank

cylinder (Section Number 2), constructed of aluminum honeycomb sandwich was

40,281 pounds. If the load parameters were such that the critical values of the nor-

malized stress resultants N and N are 0.7 and 0.9 respectively, the weight of Sec-
X O

tion 2 made with aluminum honeycomb sandwich was 36,090 pounds. Interpolation be-

tween the normalized values of N and N yields the structural weight associated with
X O

any critical load considered.

2.3.3 WEIGHT/LOAD RELATIONSHIPS--COMPOSITES

The weight/load relationships for the filamentary composite materials were somewhat

different due to the complexity of the failure modes. The structural weights of com-

pressively loaded cylinders were obtained with the aid of curves, such as those pre-

sented in Figure 2-4. This figure is a plot of W/R versus Nx/R where W is the weight

per square foot of surface area and R is the local radius of the shell in inches. Three

types of construction are considered in this figure--monocoque and honeycomb sandwich
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with two different core densities. It is important to notice that abscissae for the three

different materials are shifted one cycle relative to one another to avoid the confusion

of overlapping curves. There is a family of curves for each type of construction for

various values of Ny/N x. For unpressurized cylinders N is zero but pressurizedY

tank cylinders can have relatively large values of Ny. The application of these curves

is demonstrated by the following example.

Consider a cylindrical shell 1000 inches long with a 400-inch radius. The critical

values of N and N for this shell are taken to be -4000 lbs/inch and 8000 lbs/inch
x y

respectively. Therefore

N
_ -4000 = -10 lbs/inch 2x

R 400

and

N
8000___ =

N -4000
x

= -2.0

From Figure 2-3 for a honeycomb sandwich construction with a core density of

0. 001 lbs/inch 3, it is found that

W 0. 015 lbs/ft 2
R inch

or

W = (0.015)(400 inches) = 6.0 lbs/ft 2

The surface area of the shell is

A = 2_R

1
= 2_(400) (1000) × _-

= 17,453 ft2

The total weight of the shell is therefore

Total Weight = WA = (6.0) (17,453) = 104,720 lbs

Curves similar to those presented in Figure 2-4 are included in paragraph 5.2 of this

report for other materials and other winding patterns.

The weights of the propellant tank of composite materials were calculated by an

equally simple netting analysis. The netting analysis assumed that the filaments
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sustained the entire tensile load. The shell thickness required for a given loading

condition was found from the equation

(N x + Ny)UFSt =
(_ultimate

where •

t is the shell thickness.

N and N are the average stress resultants.
x y

UFS is the ultimate factor of safety.

aultimate is the ultimate strength of the filaments.

The filaments were assumed to be aligned in the meridional or circumferential direc-

tions proportional to the magnitudes of N and N . Once the thickness of the shell was
x y

calculated, the structural weight was determined by the equation

Weight

where:

A

t

P

F B

= Atp F B

is the surface area of the head.

is the thickness of the head.

is the density of the material.

is the fabrication factor to account for noncalculable weights such as weld
lands, doublers, etc. Fabrication factors for the various types of construc-
tion considered are presented in Appendix A.

As an example, consider a hemispherical head with a radius of 400 inches. The sur-

face area is

A = 2_R 2 = (2) (u) (400) 2 = 1,005,309in.2

All of the filaments evaluated in this study were assumed to have an ultimate strength

of 200,000 psi. If the load on this example head is

N = N = 4000 lbs/in.
x y

and the ultimate factor of safety is 1.4, then the required thickness of the head is

t = (4000 + 4000)1.4 = 0.056 inches
200,000
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The density of the materials used in this study were

Glass/Epoxy 0. 07898 lbs/inch 3

Boron/Epoxy 0. 0731 lbs/inch 3

Carbon/Aluminum 0. 0804 lbs/inch 3

These densities are based on a 30 percent binder volume using the constituent proper-

ties listed in Section 5.

For a Boron/Epoxy material, the total weight of the example head is

Weight = Atp F B = (1,005,309) (0.056) (0.0731) {1.05)

= 4321 lbs

The fabrication factor of 1.05 was used for all monocoque heads.

2.4 SUMMARY OF OVERALL ANALYSIS PROCEDURE

The overall flow of logic used to obtain the numerical results of this study is sum-

marized in the following five steps which are illustrated in Figure 2-5.

The basic configuration of the vehicle is selected. That is, the aero-

dynamic shape, mass characteristics, reference trajectory, wind loads,

tank pressures, nozzle configurations, etc., are specified.

The load distributions calculated for each of the design points are

tabulated in the Loads Summary Charts. For a specific set of loading

conditions the appropriate rows are selected.

The critical loads envelope is determined by selecting the largest load

in each column where the columns are associated with the structural

elements of the launch vehicle.

The calculated weights for the structural elements are tabulated in

either the Weight/Load Matrices (for isotropic materials) or the plots

of Nx/R versus W/R (for composite materials). For specified materials

and types of construction the structural weights corresponding to the

critical loads envelope are evaluated by interpolation in the appro-

priate matrices.

The weights of the various structural elements are tabulated and

summed to obtain total vehicle weights.
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SECTION3

GENERAL LOADSANALYSIS

3.1 GENERAL

The loads analyses for the representative vehicles were completed in three parts as

outlined in the description of the SSPD computer program in Appendix A. In the first

part of the analysis, the rigid-body response of the vehicle to inflight winds was calcu-

lated. The second part of the analysis analyzed the vehicle as a nonuniform beam and

calculated the axial force distributions and bending moment distributions at specific

design points. In the third and final part of the loads analysis, the representative ve-

hicles were described as a collection of thin shells of revolution. All of the loads on

the vehicle, including the pressure loads in the propellant tanks, were resolved into

orthogonal stress resultants in the plane of the shells. Oncethe stress resultants were

obtained for various conditions of load, they were normalized by the nominal stress

resultants and were recorded in the Loads Summary Charts as described in Section 2

of this volume.

This section presents the input parameters which were used in each of the three parts

of the analysis. Some of the intermediate results of the loads analysis are also pre-

sented. The Loads Summary Charts are presented at the end of this section for the

representative vehicles involved in the load interactions evaluations. References 1

and 2 were used extensively as a source of input data to describe the representative

vehicles. Input data were checked by independent analyses, however, and the data of

References 1 and 2 were modified to correct for some inconsistencies. These changes

pertain to the CP/D , CZo, and CD plots for the 101, 201, and 301 Vehicles in Fig-
ures 3-1 and 3-2.

Load profiles were developed for various combinations of the load parameters of Table

3-1 over the range shown. The load condition which corresponds to the simultaneous

reduction of these parameters to the lowest values shown in Table 3-1 is called the

lower bound load.
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Table 3-1

Design Criteria Parameter Variations

Parameter

Prelaunch Winds

Inflight Winds

Maximum Boost
Acceleration

Tank Pressures

Nominal Value
Of Parameter

99.9% Probability of
Occurrence

95%Probability of
Occurrence

101Vehicle - 4.8 g' s
200Series - 5.55 g's
301 Vehicle - 2.5 g' s

SeeFigures
3-13 & 3-14

Lowest Value
Of Parameter

95%Probability of
Occurrence

90%Probability of
Occurrence

2.0 g's

Vented

3.2 RIGID BODY ANALYSIS

The mass characteristics and the aerodynamic characteristics for the rigid body con-

figurations of the representative vehicles are presented in Figures 3-1 and 3-2. The

weight of the representative vehicles at any flight time was determined from the initial

weight and the weight flow rate data presented in Section 1, Volume 2. It should be

observed that the initial weight and weight flow rate of the 201 vehicle configuration

was used for all 200 series vehicles.

The aerodynamic shapes of the rigid bodies were completely specified by the plots of

overall normal and axial force coefficients and the center of pressure locations versus

Mach number presented in Figures 3-1 and 3-2. The Mach number at any specific

flight time was found by integrating the equations of motion in the rigid body trajectory

program, as explained in Appendix A. There were some basic vehicle similarities.

These can be observed when the shapes of the curves in Figures 3-1 and 3-2 are com-

pared between the various vehicle configurations. However, the relative magnitudes

of the various curves varied significantly between the vehicle configurations, and gave

rise to differences in the critical loads envelopes between the various vehicles.

The thrust model for all vehicle configurations is conveniently expressed by Equa-

tion 3-1.
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T

where:

T

P

T
vac

A

e

= T - PAe
vac

is the instantaneous total thrust

is the local atmospheric pressure

is the total vacuum thrust

is the total nozzle throat area

is the nozzle expansion ratio

(3-1)

The atmospheric pressure was derived from the 1959 ARDC model atmosphere and the

values of A and e were chosen such that the above relation was satisfied at launch.

The total vacuum thrust of the engines is specified in Section 1, Volume 2.

The reference trajectory for a specified vehicle configuration was describedbyapitch-

rate profile. Figure 3-3 gives the pitch-rate profiles and control system gains which

were used for the representative vehicles. The pitch-rate profiles were chosen to

conform to the reference trajectories given for the 101, 201, and 301 Vehicle configu-

rations in References 1 and 2. The gains of the rate-displacement control system

were chosen to produce similar response characteristics for the representative vehicles.

The inflight winds were represented by the synthetic wind profiles illustrated in Fig-

ure 3-4(b). These profiles were constructed by the method described in Reference 5.

A 9 meter-per-second gust has been embedded in each of the idealized wind-speed

envelopes. These idealized envelopes were identified by the percent of total time dur-

ing the strongest wind month for which the envelope is not exceeded. The wind build-

up portion of the synthetic profile was taken from the 99 percent probability of occur-

rence vertical wind change spectrum of Reference 5. The synthetic wind profile was

constructed such that the winds build up to the maximum velocity of the idealized en-

velope at the time of maximum q_ product. The square gust was also embedded at

that altitude. Previous studies of Saturn V/Apollo configurations (Reference 13)

showed that the rigid-body response is insensitive to changes in the wind build-up pro-

file. For this reason, wind shear was not considered as a variable in the rigid-body

analysis.

A 99 percent probability of occurrence of vertical wind-speed change was assumed

for all three synthetic wind profiles used in this study.
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Results of the rigid-body analyses are summarized in Tables 3-2 and 3-3 for the rep-

resentative vehicles exposedto the nominal, inflight loading conditions. The bending

moments at the time of maximum boost acceleration were negligible so only the thrust

loads were of concern for that designpoint.

3.3 CALCULATION OF BENDING MOMENT AND AXIAL FORCE DISTRIBUTIONS

The axial force distributions and the bending moment distributions were calculated in

the second part of the loads analysis. The vehicle was analyzed as a nonuniform beam

in quasi-static equilibrium at each of the design points. It was necessary for this part

of the analysis to describe the distribution of the mass and aerodynamic coefficients

along the vehicle axis. Figures 3-5 and 3-6 present the results of the calculations

that were performed during this study to obtain the required distributions. The inert

weight distributions were taken from References i and 2, and are represented by the

shaded areas on the mass distribution plots. Propellant weights were calculated using

an initial ullage volume of 8 percent in all propellant tanks. The propellant densities

were as follows:

RP-1 - 50.5 lbs./ft. 3

LOX - 71.01bs./ft. 3

LH2 - 4.4 lbs./ft. 3

Mass distributions represented in Figures 3-5 and 3-6 correspond to the conditions at

launch. The distributions at all the other flight times of interest were determined us-

ing the appropriate values of propellant burn rate and mixture ratio presented in Sec-

tion 1, Volume 2 for the representative vehicles. Expended propellants were sub-

tracted from the tops of the appropriate propellant tanks to obtain the mass distribution

at the flight time of interest.

The normal and axial aerodynamic coefficient distributions were calculated using the

methods of References 7, 8, and 9. These coefficients were used to calculate the lat-

eral and drag forces on the vehicle during inflight conditions. The plots shown in Fig-

ures 3-5 and 3-6 are presented for two specific Mach numbers which span the region

for inflight conditions. The aerodynamic coefficient distributions for the Mach num-

ber of a specific design point was obtained by linear interpolation.
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The cross-flow coefficient distributions shown in Figures 3-5 and 3-6 were used to

calculate the lateral prelaunch wind loads on the launch vehicle. These distributions

were calculated using the method described in Reference 11.

Figures 3-5 and 3-6 show that the distribution of mass and aerodynamic coefficients

are strongly dependent on the vehicle' s external shape. It is also observed that the

propellant weight completely dominates the vehicle' s mass characteristics. The dom-

inance of the propellant weight justifies the assumption that changes in vehicle struc-

tural weight had no significant effect on the loads envelope. Even if the inert weights

were reduced to half their original value, it can be seen from Figures 3-5 and 3-6 that

the mass distribution (and therefore the moment of inertia) wouldbe changedverylittle.

Prelaunch wind profiles for three different probabilities of occurrence are shown in

Figure 3-4(a). These data were taken from Reference 13. In each case, the profiles

are the envelopes which are not exceeded a specified percentage of the total time dur-

ing the windiest month. A factor of 1.4 was included to account for wind gusts. For

each of the representative vehicles, the 99.9 percent envelope was the nominal pre-

launch wind. Other envelopes were considered as variations from the nominal to eval-

uate the effect of prelaunch winds on vehicle loads.

Figures 3-7, 3-8, 3-9, 3-10, and 3-11 are typical results of the bending moment and

axial force analysis for the 101, 201, 202,203, and 301 Vehicle configurations respect-

ively. Since tank pressures were not considered until the next step of the analysis,

the loads at the time of maximum pressure were not available here. Also, there was

no distinction between pressurized and unpressurized conditions at prelaunch. Since

the shear distribution at the time of maximum q_ product dominates over those of

other design points, the shear distributions are not shown for prelaunch and maximum

boost acceleration.

Figure 3-12 compares the bending moment distribution at the time of maximum q_

product for three nozzle designs. The 201 Vehicle is used as an example where the

bending moment distribution for gimbaled bell nozzles, throttled plug nozzles, and

front-end steering designs are compared. The large reduction in bending moment

when front steering methods were used indicates that this might be a fruitful area for

potential structural weight savings. However, these results are misleading, as is

seen when the total loads envelope is considered. The load envelope was explained

earlier in Section 2 of this volume.
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Even though the load distribution at the maximum qa condition was significantly re-

duced, by front-end steering, the loads at the other design points then governed. Struc-

tural weight savings are therefore relatively small. Weight which is added by the

front steering system must also be considered. The added weight of the steering sys-

tem, in some cases, more than offset savings that were available through reducing the

bending moment, as noted in Section 6.

For a gimbaled bell nozzle design, the control moment was supplied by a lateral com-

ponent of the thrust vector" passing through the gimbal point. The bending moment was

zero at the gimbal station and reached a peak near station 2,000 before going to zero

at the forward end of the vehicle.

The plug nozzle, with differential throttling for thrust vector control, induced steering

moment by increasing the thrust of the engines on one side of the vehicle and by de-

creasing the thrust of the engines on the opposite side. The resulting moment was

considered as the sum of two components. One component, ML, was an applied

couple at the gimbal point and the other, MR, was due to a lateral force applied at the

gimbal point, as discussed in Section 6. The relative contribution of these two com-

ponents for the representative vehicle configurations is summarized in Table 3-4.

Table 3-4

Ratio of M L to MR for Representative Vehicle Configuration

Vehicle

Configuration

101
201
202
202RT
203
204
205
301

ML/M R For Plug Nozzle Using

Differential Throttling

Front- End

1.0
1.0
0.65

Steering Only
1.6
1.0
1.0
1.0

ML/M R For Gimbal

Engine

0
0
0

Front- End Steering
0
0
0
0
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3.4 CALCULATION OF STRESS RESULTANTS AND LOAD SUMMARY CHARTS

The final step in the loads analysis was to include the propellant tank pressure loads.

The vehicles were assumed to be composed of a collection of conical, cylindrical,

spherical, and elliptical thin shells of revolution in this part of the analysis. Vehicle

loads were resolved into orthogonal stress resultants, Nx and Ny, in the plane of the

shells using the SWOP computational module explained in Appendix A. Stress resultant

distributions were calculated at design point for a variety of loading conditions and de-

sign criteria. The loads data were then normalized and summarized in the Loads Sum-

mary Charts for the vehicle configurations involved in the interaction analysis.

The propellant tank pressure profiles are shown in Figures 3-13 and 3-14 for the re-

presentative vehicle configuration. These data were taken from References 2 and 3

for the 101,201, and 301 configurations. The pressure profiles for the other 200 series

vehicles were assumed to be based on those of the 201 configuration through an inverse

ratio of the tank diameters. Figures 3-13 and 3-14 are plots of the absolute ullage

pressure. The gauge pressures were obtained by subtracting the local atmospheric

pressure. Atmospheric pressure was expressed as a function of flight time for speci-

fic vehicle configurations as shown in Figure 3-15. These relationships were calcu-

lated as a part of the rigid-body trajectory analysis using an ARDC model atmosphere.

The description and use of the Loads Summary Charts is documented in detail in Sec-

tion 2. These charts were used to summarize the loads analyses completed duringthis

study. They proved to be a very flexible tool for evaluating the effects of vehicle de-

sign parameters on the critical design loads. Summary charts are presented in Tables

3-5, 3-6, 3-7, 3-8, and 3-9 for the 101, 201, 202, 203, and 301 Vehicle configurations

respectively.
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Table 3- 5

Loads Summary Chart

101 Vehicle Configuration
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Table 3- 6

Loads Summary Chart

201 Vehicle Configuration

tTrtlf

', I I I I )tl 1 t,L/! 1,4
--I--L.J . L/_ lJ.I _ [lS-_-.f_l

\

..... _1_ _"

Loading Condition

Section

Nx/N x Nominal No/N ° Nominal

1 2 4 7 8 9 l0 II 2 2 6 8

Unpressurized

"_ _ _ _ Pressurized

T_ks

Unpressurized

_ ...... ize0
Tank8

Plug Nozzle

Front Steering

_ * Gimbal Nozzle

_ Plug Nozzle

Front Steering

Glmbal Nozzle

E

E

._ _ Plug Nozzle

_. Front Steering

N _ GimbM Nozzle

._ Plug Nozzle

Front Steering

Glmbal Nozzle

E p Pressurized

Tanks

Vented Tanks

Plug Nozzle

Front Steering

_ Glmbal Nozzle

._ Plug Nozzle

_ _'ront Steering
=

_ Gimhal Nozzle

Plug Nozzle

•_ Front Steeri_ g

i
-_ _ Gimba I Nozzle

_ Plug Nozzle

Front Steering

Gimbal Nozzle

.654 .904 .524 .288 .248 .236 .224 .202 .427 .005 .503 .347

.654 .711 ,524 ,288 .248 .236 .224 .202 .490 .242 .566 .367

.574 ,797 .477 ,233 .204 .199 .176 ,155 .:180 .005 .503 .347

.574 .605 .477 .233 .204 .199 .176 .155 ,450 .242 .566 .367

1.000 1.000 1,00O .964 .882 .846 1.00O l.O00 .910 ,668 .942 .778

.767 .566 .680 ,502 .504 .525 .616 .716 .781 .668 .942 .778

.801 ,775 .934 ,906 .843 .821 .970 .973 .841 .608 .942 .778

I.ooo 1.530 1.000 .964 .882 .846 1.000 1.000 .699 0.0 .710 .053

.767 1.095 .680 .502 .504 ,525 ,616 .716 .505 0.0 .710 ,053

.801 1.323 .934 .906 .843 .821 .970 .973 .580 0.0 .710 .053

.991 .985 .986 .942 .863 .829 .975 .975 .913 .608 .942 .778

.767 .565 .679 .499 .soo .530 .606 .702 ,781 .668 .942 .778

.800 .764 ,923 .887 .828 .804 .946 .948 .839 .668 .942 ,770

.991 1.513 .986 .942 .863 .829 .975 .975 .692 O.O .710 .053

.767 1,095 ,679 ,499 ,500 .520 .606 .702 ,505 0,0 .710 .053

.800 1.293 .923 .887 .826 .804 ,946 ,948 .591 0.0 .710 ,053

.780 .363 .666 .683 .668 .667 .553 .478 .955 .941 l.OOO l.OOO

.780 1.121 ,666 .683 .668 .667 .553 .478 .505 0.0 .771 0

.783 ,339 .653 1,O00 1.OOO l.OOO .829 .716 l.OOO l.O00 .469 1.000

.783 .339 .653 1.000 1.0O0 1.00O .823 ,716 l,OOO I._'00 .469 1.000

.793 .339 653 1.O00 1.OOO 1.000 .829 .716 l.OO0 l.OOO .469 1,0OO

.783 1.128 .653 1.000 l.OOO l.O00 .829 .716 .506 0,0 .076 0

.783 1.125 .653 1,000 l.OOO l,O00 .829 .716 .506 O.O .076 0

.783 1.125 .653 1.000 l.OO0 1.00O .829 .716 ,50_ 0.0 ,076 0

,836 .652 .746 .564 .523 ,514 .523 .503 .835 .702 .997 .814

.778 ,545 .668 ,451 .430 ,435 .428 .431 .804 .702 .997 ._14

.785 ,594 ,729 .550 ,513 .507 ,515 .490 .818 ,702 .997 .Sll

.836 1.206 .746 .564 .523 .514 ,523 .503 .555 O.O .771 oi0

.778 1.100 .668 .451 .430 .435 .428 431 .507 o.o 771 .010

.785 1.148 .729 .550 .513 .507 .515 .496 528 o, .771 010
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Loading Condition

Unpr esaurtzod
Tm_ks

Prelllurlz_
Tsn_

Unprluurlz_l

Tsnka

Premlurlzed

TRnkl

PIXIE b_oz zle

Pronl Steer Ing

G|mba| Nozzle

Plug Nozzle

Gimhal N_zzle

PlUl_ Nozzle

Front _teerlml

Olmbal b_zzle

PI_ Nozzle

Pront _.eer Ing

GlmbRl Nozzle

Prelmurlzed

Tar_kl

Ven_l T_

Plug Nozzle

Fronl 8teerlng

Giml_l _oz zle

Plug Nozzle

Glml_l Nozzle

Plul_ Nozlle

Front 8_ertnql

Gimbsl Nozxle

PI_II Nozzle

0tmb*1 Noxzle

Table 3-7

Loads Summary Chart

202 Vehicle Configuration

I"_/-I I',,I Ic[._ T -,I --.,
Ill _ )19\1_I_,::t.l_,l::,:.l:,'l_,................,.....-

Nz/NzNomUml No/NoNOmllml
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Table 3-8

Loads Summary Chart

203 Vehicle Configuration

r_

-I-IV] 1"----1'1/', ,, ----.

' iW\l) 't':I;11,_ I • I I l I
I . I # I

" --- - .' ':'- _ .L--""
,t,

Loading Condition

Unpressurized

_'_._ Tanks

v _ _ _ Pressurized

Tanks

Unpressurized

_ _ _ Pressurized

Tanks

_ Plug Nozzle

._ Front Steering

_ Gimbal Nozzle

_ Front Steering

g _
Gimbal Nozzle

_ _,ugNo.le

Front Steering

_ Gimbal Nozzle

Plug Nozzle

Front Steering

_ Gimbal Nozzle

E _ ® Pressurized

c_ _ _ *t8 Tanks

Vented Tanks

Plug Nozzle

_ Front Steering

._ Gimbal Nozzle®

_ ._ Plug Nozzle

_ Front Steering

_ Gimbal Nozzle

_ Plug Nozzle
E

._ Front Steering

. _. Gimbal Nozzle

Plug Nozzle

Front Steering

Gimbal Nozzle

Nx/NxNominal No/N ° Nominal

1 2 4 7 8 9 I0 II 2 3 2 S

.6OS 919 521 .24S .232 220 .224 218 3SS 010 .427 .530

600 682 521 246 232 ,220 .224 218 441 .241 .485 .540

546 837 484 203 .198 ,194 186 .180 335 .010 .427 .330

546 600 484 200 .198 194 186 18O ._1_ I .291 .._ ._40

4
1000 1OOO 1000 .899 .836 77S 1OOO 1,000 876 .666 .823 .830

748 ,523 691 ,456 .491 323 ,702 825 ,759 .666 .823 .830

.782 ,711 .905 816 .781 .743 ,939 .964 .797 .S66 ,823 .830

1.000 1,647 1.00O .89S ,836 .776 1.0S0 1.00O .630 o,o .562 .267

748 1170 691 .456 .491 .52S .702 ,825 ,452 o.0 .562 ,267

.782 1.350 .905 ,81S .781 .743 .959 964 .318 0.0 .562 .267

992 985 990 884 ,823 764 .982 960 873 666 .823 830

748 523 690 ,454 ,488 .519 .693 ,812 .759 ,666 .823 ,830

781 705 897 .803 ,769 ,73S .942 947 796 .666 823 .8SO

992 1.632 .990 .884 .823 764 ,982 .960 ,625 o.0 .562 ,267

748 1.170 ,690 .454 .488 .519 .693 ,812 +452 O.0 .562 ,267

781 1.352 .897 .803 .769 .733 942 .947 .510 S.0 .363 .267

753 .447 .689 667 ,667 ,667 .609 ,594 .952 .941 l.OOO l,OOO

750 1,206 .689 .667 ,667 .867 ,609 ,394 ,435 S,0 .692 0.0

.733 .389 .S78 l. OO0 1+000 1,0OO .912 ,88S 1.0O0 1,000 .820 li000

.733 ,389 S78 1.0OO l.OOO 1.0SO .912 .889 1.OOO 1.000 ,820 1.0OO

733 389 .678 1,0OO 1.000 l OOO .912 .889 1000 1.00S 820 l.OOO

733 1.212 678 l.OO0 1.0OO 1.00O ,912 .889 .438 O,0 ,367 0.S

733 1 212 .678 1.0OO 1.0O0 100O 912 ,889 438 0.0 .367 00

730 1212 ,678 l 000 1.000 10OK} .912 ,8S9 .458 00 567 0.0

764 502 692 427 .426 424 .443 .451 .791 709 868 ,832

739 493 685 417 419 419 436 447 .788 .709 ,86_ _32

739 496 .089 ,423 ,425 423 .442 ,430 .790 .709 .808 852

764 1191 692 .427 .426 424 ,443 ,451 .438 0.0 .603 244

.759 I181 685 417 ,419 ,419 436 .447 ,455 0.0 ,603 ,244

759 1 184 689 425 425 423 .442 430 .436 9.0 .603 .244
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3-28

Table 3- 9

Loads Summary Chart

301 Vehicle Configuration

k\ I _ i II ,/t

Loading CondRIon

Unp_nurized

i Tankl

Prellurized

Tanks

Plug Nozzle

_. _ almbRL NozzXe

g I
Glmbal Nozzle

j j .........
F_nt S_er lng

|
Glrnhal No_ zle

Plug Nozzle

Front Steerlug

Glmbal Nozzle

Plug Nozzle

2
Front Steering

._ _ Glmba[ Nozzle

o

Plug Nozzle

_ Front Steering

Glmbsl Nozzle

Plug Nozzle

! .........
Front gteerl_

Glmbal Nozzle

Plug Nozzle

Fronl Steering

-_ _ Glmbal Nozzle

®

_ Plug Nozzle

F_n{ steering

G1m_l N,,z z_

Nx/N x Nomtnal No/N ° Nomina]

1 3 4 6 7' 2 3 4 5

.688 .850 .474 .220 .221 145 527 675 .698

,668 669 170 .220 221 432 .608 776 815

63g ,803 345 .163 167 145 500 ,663 ,698

.639 .622 ,036 .163 ,167 .432 ,585 .769 .815

1000 1.000 1.000 1.000 1.000 .790 1.000 1ooo ,858

._71 .760 0.0 .603 730 ,790 .893 ,918 .858

,901 .944 .952 .980 .982 .790 .969 996 ,H58

1.000 1.370 2.145 1.04)0 1,000 .204 .822 .677 .227

.871 1.130 1.085 603 .730 .204 .667 ,535 .227

.901 1.314 2.096 980 982 .204 .783 .670 .227

,993 ,984 ,913 ,960 .962 .790 ,994 1.000 .sss

,871 ,757 0.0 .586 .706 .790 ,892 .913 858

.H99 .930 .869 .943 .946 .790 .964 .996 .858

.993 1,354 2,O59 ,960 962 .204 .S13 665 .227

._71 1.127 1,058 ,586 .706 .204 .686 .528 ,227

.899 1,301 2.016 .943 .946 .204 .777 .659 .227

.919 .797 0.0 .539 .548 844 .946 .910 .S.O

.884 732 oo .432 475 .844 .918 +891 ,880

.891 .780 0.0 ,534 ,543 .844 .93_ .909 .880

.919 1.196 1.146 .539 .548 .213 .724 .487 .164

.884 1.130 .6587 .432 .475 ,213 .68V ,451 .164

.891 1,[78 |.|32 .534 .543 ,2|3 .714 ,4H5 164

.894 ,_1 0.0 ,346 ,363 1.000 .996 .764 l.OOO

.894 .661 0.0 .346 .363 1.000 .996 .764 l.O00

,894 .661 o,o .346 .363 L,O00 .996 ,764 1,000

.894 1.133 .718 ,346 .363 .234 .685 .179 0.o

.694 |.133 .718 ,346 .362 .234 .686 .i79 0.0

.894 1133 716 .34g .363 .234 .6H5 .179 0.0

,843 .506 .327 1,071 1,121 1,195 .9H8 .764 1.027

.843 .506 .327 1.071 1.121 1.195 J_6 784 1,027

.843 .5045 ,327 1.071 1.121 1.195 .9H8 .7_4 1,022

.843 1.050 2.210 1.071 1.121 ,362 .614 .371 0.0

.843 1,050 2,210 1.071 1.121 .3H2 .614 .371 0.o

.843 1.050 2.210 1,071 1,121 .3#2 ,614 .371 o.o
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SECTION 4

OPTIMIZED STRUCTURAL WEIGHT ANALYSIS--ISOTROPIC MATERIALS

Tables 4-1, 4-2, 4-3, 4-4, and 4-5 summarize the results of the loads variation study

for the 101, 201, 202, 203, and 301 Vehicles respectively. Except as noted, these

tables present the structural weights for variations in loads where nominal material

and types of construction have been used. The left side of each of these tables is con-

cerned with single-parameter variations while the right side is concerned with multi-

ple parameter variations. Table 4-3 includes the weight tabulation of the 202 RT con-

figuration. The 202 RT configuration was considered to have front-end steering. It

is observed that when its weight is compared with the 202 configuration with front

steering, that reversing the first stage propellant tanks had only a small effect.

The last column of Table 4-2 shows the weight tabulation for a 201 configuration where

the separate loads were taken to their lowest values and the structure was made of

beryllium honeycomb sandwich. The weight savings available through these idealized

conditions is 73 percent.

Table 4-6 shows the tabulated weights for the 201_ 204, and 205 Vehicle configurations

under nominal conditions. The only variable in this table is the payload density. The

201 Vehicle has a density of 2.5 lbs/ft 3 while the densities of the 204 and 205 Vehicles

are 4.0 lbs/ft 3 and 6.2 lbs/ft 3 respectively.

Tables 4-7 through 4-15 are tabulations of structural weight for various combinations

of materials and types of construction. The material properties of the aluminum,

titanium, and beryllium considered in the analysis are presented in Tables 8-3, 8-6,

and 8-10 respectively. These three metals were considered in combination with the

five types of construction shown in Figure A-3. The loads were nominal for each of

the five vehicle configurations considered. In the tabulations, monocoque heads were

used for all construction types. When the corrugation constructions were examined,

the pressurized cylinders were taken to be integrally stiffened skin.

4-1
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Table 4-6

Summary of Vehicle Weights for Variations in Payload Density

Vehicle -_ 201 204 205

Payload Density lbs/ft _ -_ 2.5 4.0 6.2

IU and Forward Skirt 13

LH Tank and Thrust Structure 39
2

Intertank 33

Baffles and Insulation "12

LOX Tank 8

,O04

,323

,963

,900

,850

,389

10,248

39,323

34,556

"12,900

8,850

10,389

10,246

39,323

34,552

"12,900

8,850

10,389Aft Skirt 10

2nd Stage Total 123,429 116,266 116,260

Inter stage

Forward Skirt

LOX Tank Top Head

,266

,882

,746

,318

,026

,935

,411

,330

,698

,741

,040

LOX Tank Bottom Head

Intertank

LH 2 Tank Top Head

LH 2 Tank Cylinder

LH Tank Bottom Head2
Thrust Takeout

Thrust Structure

Baffles and Insulation

65,268

46,358

8,746

19,318

144,064

15,935

62,169

35,330

51,183

82,741

*20,040

65

46

8

19

156

15

63

35

53

82

*20

65,266

46,357

8,746

19,318

138,139

15,935

62,169

35,330

5O,260

82,741

*20,040

1st Stage Total 567,393 551,152 544,301

Total 690,822 667,418 660,561

Difference from201 -23,040 -30,261

Percent Weight Saving 3.38 4.38
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SECTION 5

OPTIMIZED STRUCTURAL WEIGHT ANALYSIS--ANISOTROPIC

5.1 GENERAL CONSIDERATIONS

An area of substantial promise for the increase in launch vehicle payload capacity is

the use of advanced materials in the primary structure. An evaluation of advanced

structures should include a consideration of materials other than the metals which are

in common use. Recent advancements in strength and stiffness of filamentary mate-

rials have enhanced the potential for filament-wound composite pressure vessels.

Therefore, a quantitative assessment was performed to assess the weight savings

available using filamentary composite materials as the vehicle's primary structure.

The analytical methods used have drawn extensively on the structural efficiency meth-

ods developed in Reference 25 and applied in Reference 26. The computations were

automated in the LILAC and SPACE computational modules described in Appendix B.

The minimum structural weight was evaluated as a function of the design load and the

structural geometry. These latter factors were defined by the structural index. The

structural design of the advanced configurations treated herein were governed by values

of the structural index within the range covered by contemporary boost vehicles (see

Reference 25). Thus, the general conclusions of the previous studies were applicable

to the presently considered vehicles. These conclusions, with some modifications,

are stated in paragraph 5.4. Selection of appropriate materials and structural con-

figurations drew on the previous experience with smaller vehicles. Failure criteria

for pressurized tanks involved significant departures from previous methods.

5.2 SELECTION OF MATERIALS AND TYPES OF CONSTRUCTION

The composites chosen for consideration in this study were- the high-modulus glass-

fiber epoxy-binder composite which is representative of present day materials already

used for similar applications; a boron-fiber epoxy-binder composite which represents

the stiffest continuous fiber available in a matrix which is readily fabricated into com-

posite form; and a carbon-filament aluminum-binder composite which represents an

advanced material now available in laboratory form. These materials were chosen to

represent the spectrum of properties, which are conceivably available for future use.

Properties of the above constituents are presented in Table 5-1.

5-1
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Table 5-1

Material Properties of Constituents

Material

Filaments

Glass

Boron

Carbon

Binders

Epoxy

Aluminum

Elastic
Modulus

(psi)

16.0 x I06

60.0 x 106

60.0 x 106

O. 5 x i06

i0.7 x 106

Pois son's

Ratio

0.20

0.20

0.18

0. 350

0.315

Density
Ob/in s)

0.0194

0.0830

0.0720

0.050

0.100

The properties of the composite materials depend not only on the constituent proper-

ties, but also upon the arrangement of the filaments and the relative proportions of

binder and filaments. For the composite materials selected for this study, the binder

was assumed to be 30 percent of the total volume.

Two different winding patterns were considered. The isotropic laminate was com-

posed of three equal-thickness layers, where the orientation of the filaments to the

vertical in the three layers were -60, 0, and 60 degrees respectively. The other

winding pattern is orthotropic, where the laminate was composed of two layers which

were not of equal thickness. The filaments were arranged at 0 and 90 degrees to the

vertical respectively for the two layers. The amount of material in the 0-degree layer

was varied from 5 percent to 15 percent in order to obtain the highest practical stiff-

ness and strength.

Two principal types of wall construction were selected for the cylindrical and conical

shell sections of the vehicles under consideration. As a reference point, monocoque

composite shells were evaluated. These laminates were considered to have a unidirec-

tional set of fibers in each of the layers. Directions of principal stiffness of the

layers were varied symmetrically such that the directions of principalstiffnesses of

the laminate were coincident with the meridional and circumferential directions.

Further patterns were selected to minimize coupling effects.

5-2
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The secondstructural configuration was the honeycomb-core sandwich shell for which

core densities of 0. 005and 0. 001 lbs/inch _ were considered. These represent the

general case of efficient stiffening. Here the core was assumedto have adequatestiff-

ness to stabilize the face sheets so that the sandwichfailed due to overall instability.

The core was assumedto carry no load andthe face sheetshad the properties de-
scribed for the monocoqueshells.

Additionally, an evaluation of future potential shouldassess whiskers and other high-

modulus filaments. A recent study (Reference35) showedthat properly designeddis-

continuous fiber composites were expectedto have essentially the sameproperties as

continuousfiber composites of the same constituents. For the present compressive

application, the important properties were the elastic stiffnesses and the compressive

strengths. Theseproperties were governedprimarily by fiber modulus, binder mod-

ulus andyield strength (References24and 36). Boron and carbon fibers were close in

stiffness to other available high-modulus fibers andwhiskers. The results for boron/

epoxyand carbon/aluminum composites were therefore considered to be representa-

tive of a wide range of other composites havingthe samematrix material.

5.3 WEIGHT/LOAD RELATIONSHIPS

Parametric relationships were established between the stress resultants of the criti-

cal loads envelope and the structural weight. Figures 5-1, 5-2, and 5-3 are concerned

with the composite materials: glass/epoxy, boron/epoxy, and carbon/aluminum, re-

spectively, with an isotropic (-60-, 0-, 60-degree) winding pattern. Curves were

plotted for monocoque construction as well as honeycomb sandwich construction with

core densities of 0. 001 lbs/inch s and 0.005 lbs/inch 3. Various ratios of N and N
y x

are presented in order to obtain the structural weights of pressurized cylinders where

N is not zero.
Y

These curves were explained in detail in Section 2 of this volume. For a cylinder of

specified radius, R, and load NX; the weight, W, for unit surface area of the shell,

was obtained for various materials and types of construction. The total weight of the

shell was determined by multiplying W by the surface area of the shell.

Figure 5-4 presents similar results for an orthotropic (0-, 90-degree) winding pattern.

The curves of Figure 5-4 are calculated for zero-hoop loads (i.e., N = 0). Fig-
Y

ure 5-4 is therefore restricted to the evaluation of structural weights for unpressurized

cylinders. Other values of Ny/N x were not treated since the difference between the

5-3
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structural weights for an isotropic winding pattern andan orthotropic winding pattern

was found to be small in unpressurized cylinders. The calculations to obtain weights

for non-zerovalues of Ny/Nx of an orthotropic (0-, 90-degree) winding did not, there-
fore, seem justified.

5.4 EVALUATION OF STRUCTURAL WEIGHTS

Using the nominal loading conditions, structural weights were evaluated for the 101,

201, 202, 203, and 301 Vehicle configurations. Calculations were performed for vari-

ous combinations of the composite materials and types of construction. The resulting

weights are tabulated in Tables 5-2, 5-3, 5-4, and 5-5. In each of the tables, the

weight of the hung tanks and thrust structures were those calculated for an aluminum

structure and tabulated in Section 4. The fixed weights of baffles and insulation

were held constant at the values taken from References 1 and 2. In the unpressurized

cylinders, either the isotropic or orthotropic winding pattern was chosen depending

upon which gave the lightest weight. The tabulated values of weight where an ortho-

tropic laminate is lighter are enclosed with brackets. All other weights correspond

to an isotropic laminate. In most instances the isotropic laminate yields the minimum

weight design. Previous studies {Reference 26} indicated that this was to be expected

at moderate structural index values, even for inelastic stability.

The propellant tank heads were designed as monocoques using a strength criterion and

a netting analysis as explained in Section 2.

The following general observations were made from the results of this portion of the

study.

a. Fibrous composites using high-modulus, high-strength filaments offer the

potential of substantial reductions in boost vehicle structural weight.

b. Achievement of weight savings requires the use of efficient shell-stiffening

configurations, such as low-core-density sandwiches, for interstage struc-

tures, and high-tensile-strength materials for tank structures. Addition-

ally, it is of value to restate with some modifications certain of the con-

clusions of the earlier study (Reference 25) of contemporary boost vehicles,

namely:

(1) For the significant range of loading index over which optimum designs

for compression shells fail by elastic instability, high-modulus fila-

ments in an isotropic laminate were superior to metal shells. Relatively

5-8
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b.

C.

small volume concentrations of such filaments produced materials of com-

parable efficiency to metals.

For sandwich construction, the elastic shell buckling efficiency was no

longer proportional to the ratio of shell density, Ps' to the square root of

Young's modulus, E as for a monocoque shell, but was proportional to
! S'

(Ps/Es}2 for the sandwich face material.

Poor layer in-plane shear strength and transverse extensional strength

resulted in poor strength performance laminates. Configurations which

were considerably heavier than optimum for buckling were frequently re-

quired to satisfy strength requirements. An effort to achieve improvements

in matrix properties is necessary.
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Table 5-4

202 and 203 Vehicles

Weight Summaries--Composite Materials

202 Vehicle

Boron/Epoxy

I.U. and Fwd. Skt.

LH2 Tank & Thr. Str.
Intertank
Baffles and Insul.
LOX Tank
Aft Skirt

• 001 Sand.

5630
39323

8432
12900

8850
5459

Second Stage Total inlbs. 80594
(Second Stage Total in kg.) (36557)

Interstage
Fwd. Skirt

LOX Tank--Top Hd.

LOX Tank--Cyl.
LOX Tank--Bot. Hd.
Intertank

LH2 Tank--Top Hd.
LH2 Tank--Cyl.
LH2 Tank--Bot. Hd.
Thrust Struct.
Baffles and Insul.

First Stage Total in lbs.

(First Stage Total inkg.)

Vehicle Total in lbs.

(Vehicle Total in kg. )

Total Less Nominal

% Weight Saving

5328
6683

5393
11946

7202
23598

3801
66021

8182
93270
20040

251464

(114064)

332058

(150621)

-343901

+50.9

202 Vehicle Nominal

Weight = 675,959 Lbs.

203 Vehicle

Boron/Epoxy

I.U. and Fwd. Skt.

LH2 Tank & Thr. Str.
Intertank
Baffles and Insul.
Lox Tank
Aft Skirt

Second Stage Total in lbs.
(Second Stage Total inkg.)

Interstage
Fwd. Skt.

LOX Tank--Top Hd.
LOX Tank--Bot. Hd.

Intertank
LH2 Tank--Top Hd.

LH2 Tank Cyl.
LH2 Tank--Bot. Hd.
Thrust Takeout
Thrust Struct.
Baffles and Insul.

First Stage Total in lbs.
(First Stage Total in kg.)

Vehicle Total in lbs.

(Vehicle Total in kg.)

Total Less Nominal

% Weight Saving

•001 Sand•

667

39323
8585

12900
8850
2968

73293

(33246)

19241
9457
9796

31495
31202

8042
7769

22740
12661

100585
20040

273028

(123846)

346321

(157091)

-392522

+53.1

203 Vehicle Nominal

Weight = 738,843 Lbs.
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SECTION 6

ANALYSIS OF VEHICLE DESIGN APPROACHES

6.1 GENERAL CONSIDERATIONS

The majority of structural weight calculations were performed by computer programs,

as outlined in the previous sections. Numerous additional calculations which were

performed in the course of this study are documented in this and the following section

to provide complete documentation of methods and techniques.

This section considers separately the effect on structural weight reduction due to the

geometry of a launch vehicle family by means of the L/D (fineness ratio), reduction of

maximum acceleration by throttling, methods of steering, and by variations in tank-

pressure profiles. The effects of local loads due to strap-on solid rockets and strap-on

propellant tanks are also analyzed. The analysis of each of the vehicle's upper stage

thrust structure and hung-tank arrangement is detailed as are the results of the main

stage thrust structure studies.

Additional restrictions and assumptions were made to carry out these calculations

within a reasonable cost-time envelope, particularly as related to system weights

and load and performance profiles on the 200 family of vehicles. The upper stage

tank arrangements were not optimized for each vehicle, nor were system upper stage

tank arrangements optimizations performed for non-structural elements associated

with vehicle L/D changes. Trajectory profiles were assumed fixed for each class of

vehicle. These assumptions are considered valid for a structure study of this nature

since structural weight is insensitive to reasonable variations in trajectory. However

it should be recognized that these results are valid only as applicable to structural

weight since even small changes in the trajectory can have strong effects on the total

vehicle performance.

6.2 FINENESS RATIO

Variation of the fineness or L/D ratio was studied by using a class of vehicles, namely

the 201, 202, and 203, which retained all performance, payload, and thrust character-

istics as closely as possible. Propellant weight and thrust were fixed and the length

and diameter were varied to give a reasonable range of fineness ratio. Table 6-1

presents the results of the nominal and lower-bound load conditions. For the purpose
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of this study, the lower-bound load refers to the condition whenwind loads, maximum

boost accelerations and tank pressures were simultaneously reduced to the lowest

values considered in this study as shownin Table 3-1. Table 6-2 presents the differ-

ences of the 201, 202, and 203 Vehicles for the nominal and lower-bound conditions. It

is also interesting to compare the differences betweenthe 202with L/D -_ 10 and 203

with L/D _ 5. For nominal flight conditions the 203 is 9.2 percent heavier than the

202, whereas, using the lower-bound conditions, it is only 0.79 percent heavier. It

appears from this study that a change in fineness ratio from L/D z 5 to L/D _ 10

changes the structural weight less than 8 percent for a similar family of vehicles.

Figure 6-1 is a plot of the percent weight change compared to the 201 Vehicle. A

curve through the three lower-bound points shows an optimum L/D of about 7 for this

family of vehicles.

Table 6-1

Vehicle Nominal and Lower-Bound Structure Weights for

101, 201, and 301

Configuration
Number

101

201

301

Nominal

Weight, Lb.

756,305

690,822

641,320

Lower Bound

Weight, Lb.

609,075

528,123

568,337

L/D

6.34

6.04

5.03

Table 6-2

Weight Comparisons Between 201, 202, and 203 Vehicles,

Using 201 as Base

Configuration
Number

201

202

203

Nominal

Weight, Lb.

690,822

675,959

738,843

Percent Diff.

From201

0

2.15

-6.95

Lower

Bound, Lb.

528,123

539,945

544,120

Percent Diff.
From201

0

-2.24

-3.03

L/D

6.04

9.65

4.72
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Figure 6-1. Weight Variations of 202 and 203 Vehicles From 201 for
Nominal and Lower-Bound Conditions

Subsequent discussions point out some effects of L/D on the weight component parts

for the 201, 202, and 203 family of vehicles. However, Figure 6-1 best summarizes

the effects when one considers overall potential conditions. All-in-all, L/D has not

been found to be a vital constraint for a wide range (5 to 10) of values.

6.3 PROPULSION TYPE, NOZZLE CONCEPTS

6.3.1 INTRODUCTION

The purpose of this area of study was to determine the effect or influence of the type

of propulsion configuration. This was done by comparing the resulting weights of the

chosen vehicles using gimbaled bell-nozzle engines and fixed plug-nozzle engines.

The type of propulsion (rocket-nozzle configuration) has an influence in two ways:

a. Thrust structure and local supporting structure weight.

b. Vehicle structure weight penalty from distribution of loads during nor-

mal and thrust-vector control operation.

The vehicle control moment to counter aerodynamic disturbances during flight is gen-

erally produced by controlling the alignment of the main thrust vector. Gimbaled bell-

nozzles produce the required control moment by applying, at the gimbal point, a lat-

eral force that acts through a moment arm to the center of gravity. The control
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moment supplied by a plug nozzle using differential throttling is the sum of two

components:
a.

b.

A lateral force applied to the vehicle times a moment arm.

An applied couple at the thrust structure resulting from the circumfer-

ential variation of the thrust intensity.

6.3.2 A SIMPLIFIED THEORY FOR THE ESTIMATION OF PLUG-NOZZLE

THRUST-VECTOR CONTROL FORCES USING THRUST-MODULATION

TECHNIQUES

6.3.2.1 Configuration

A plug nozzle with n number of engines with a totalthrust of FT is throttledby varia-

tion of chamber pressure, over 180-degree segments, to produce an incremental

thrust (5)at each segment. Dimensions are as noted in Figure 6-2.

The total resultant thrust vector, F T , is shifted sideways through a displacement, b,

and rotated so as to produce a side thrust, FR, and maintain constant axial thrust, F L.

6.3.2.2 Symbols

F T =

5

F R

F L

b

a

MS

O/

M L

6-4

Total thrust, ib

= Incremental thrust over segment (usually 180-degree) of motor,

AF
Ib/lb, F Nominal

= Total side thrust, lb

= Total axial thrust (laterallydisplaced), Ib

= Lateral displacement of F L from roll axis, ft

= Distance from engine mount to CG, ft

= Total steering moment, ft-lbs

= Equivalent gimbal angle = sin -1 , rad

= Angle of cant of individual engine module

= Applied moment at gimbal plane.

L
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Thrust
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Figure 6-2. Configuration
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MR

FLH'FL L

FRH' FRL

= Moment due to lateral thrust at gimbal plane.

= Magnitude of axial forces through high and low pressure segments,
respectively, lb

= Magnitude of side forces from high and low pressure segments,
respectively, lb

= Total number of engine modules

6.3.2.3 Steering Moment Distribution

The steering moment, M S , is

M s = FLb + FRa = M L + MR (6 -1)

For gimballed engines, no sideward displacement of the thrust vector is possible, and

the steering moment becomes

M S = FRa (6-2)

In practice, plug engines have a significant amount of "Wash-Around" of the exhaust,

and both M L and MR exist.

6.3.2.4 Relationship of M L and MR

The relationship of M L to M R is important in establishing the load distribution in the

vehicle near the engine. For convenience, the ratio ML/M R is introduced from Equa-

tion 6-1.

M S = M R + = FR a I + _Raj] (6-3)

6.3.2.5 Analysis Without the Central Plug

In solving for M L consider the engine width as two 180-degree segments and the

thrusts acting through the centroid of the respective areas,

FT (6-4)
= FLH + FLL

M L (6-5)
= FLHd I - FLLd 2

6-6



Volume 2

For d 1 = d 2 = distance to centroid of the semi-

circle -- 2R/Tr, then

2FTR5
M L = F T cos_b - cosa. (6-6)7r

M L is seen to be a direct, linear function of

segment thrust increment, 5 ; engine module

cant angle, (_; and radius, R, of the vehicle,

and

2F T
M R = -- (sin _) 5a.7r (6-7)

The ratio ML/M R is therefore,

2FTR5
M L cos c_7r R

- = --cot
MR 2F T a

sin a 5a
7r

(6-8)

Thus, without the central plug ML/M R is a function of vehicle geometry and engine

module cant angle, ol.

Example: Vehicle 201

Assume the engines are not gimbaled and that thrust-vector control is

achieved by throttling one segment and raising the thrust on the other.

For 201 Vehicle R = 35 - ft, a = 135.7 - ft and a = 13 degrees, and from

EquatiOn 6-8, ML/M R = 1.11.

From Equation 6-3

[ E ;M S = M R 1 + = M R 1 + 1.11 = 2.11 M R

2F T

MR - 7r (sino_)5a

Rearranging

_M R vM S

2F T (sinot)a 4.22F T (sino_)a
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Assuming a required control moment of 216.5 million foot-pounds,

M S = 216.5 x 106 foot-pounds

sins = sin 13 ° = 0.22495

a = 135.7 feet

F T = local total thrust, lbs.

then

5 = 0. 243

This is a reasonable upper limit with thrust decreased 24.3 percent in one 180-degree

segment and raised 24.3 percent in other 180-degree segment. For this condition, the

pump output pressures would be approximately 30 percent over design for nonmodulated

TVC systems.

6.3.3 RESULTS

Assuming that the two components of the control moment (M L and MR) are of equal

magnitude, a comparison of the resulting bending moment distribution was made with

the bending moment distribution for a gimbaled bell-nozzle design, as shown in Fig-

ure 6-3.

Bending Moment

(Inch Pound x 10 -e)
Vehicle 201 Bending Moment

with Plug Nozzle Engine and

[ /_ Steering by Differential
2.0 _ /¢ __ Throttling of Engine Modules

y f__nd the Plug

/ / _ _ Vehicle 201 Bending
1.5 2f / k_ Moment with Bell

f l '_L Nozzle Engines

] / _ Gimbaled for
1.0 [ l _k Thrust Vector

0V
0 I I I

0 I000 2000 3000 4000 5000
Vehicle Station

Bending Moment

(Newton-Meters x 10 -v)

- 25

20

15

10

5

6-8

Figure 6-3. Bending Moment Due to Different Thrust Concepts
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The weightchangesfor the given vehicles are summarized in Table 6-3 which hasbeen

extracted from the Weight/Load matrices. Data in Table 6-3 assumes the nominal

thruster is the plug-nozzle engine and steering is by differential throttling of engine

modules around the plug to obtain TVC. Itis seen in all cases that gimbaling of engine

showsa structural weight savings over the plug nozzle.

Table 6-3

Effect of Gimbaled Steering onVehicle Structural Weight

Configuration
Number

101

201

202

203

301

Structural WeightDiff.
From Nominal, Lb.

15982

18988

14055

11111

20542

Percent Structural
Weight Savings

2.11

2.7

2.07

1.50

3.20

L/D

6.34

6.04

9.65

4.72

5.03

Originally it was felt that while vehicle body weight would show an increase due to the

larger bending moment the additional weight would be more than offset by weight re-

duction in the thrust structure. Subsequent investigations showed that this was not the

case; differences were minor and substantially less than the weight changes in Table 6-3.

One of the criteria in thrust structure design was that a minimum fundamental uncou-

pled 4 cps frequency was a necessary requirement for each component (frames, struts,

and ties) making up the thrust structure. This made the weight differences minor

(2000 to 2500 pounds) and hence they were assumed to be equal for this study. Subse-

quent investigation based on strength alone for the 201 showed the plug-nozzle thrust-

structure weight could be reduced by 4800 pounds and the gimballed engine by 2470

pounds. Thus, large weight gains were not found in structural components between

the engine types considered. It should be noted that relative system weights to pro-

vide guidance control and performance were not analyzed and are recognized to be

potential weight adjustments to the above results. A detailed analysis of each vehicle

main thrust structure is given in paragraph 6.8, and a detailed summary is given in

paragraph 6.8.4.

The advanced technology of the toroidal combustor engine concept, such as the Aero-

spike engine, was considered in order to evaluate its impact on the results.
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Data for the engines were estimated using the Martin Company work under Contract

NAS8-5135, and data furnished by Rocketdyne, a division of North American Aviation,

Inc. For the Aerospike engine with differential throttling for thrust-vector control,

the influence on vehicle-structural weight and thrust-structure weight was the same

as for the clustered plug-nozzle engine. With thrust-vector control by secondary in-

jection, such as proposed by Rocketdyne, the bending moment curve would be between

the two curves of Figure 6-3 and probably closer to the gimbaled engine curve. An

overall evaluation of propulsion system weight would be required to evaluate the im-

pact of advanced engines, such as the Aerospike, on total vehicle weight but this is be-

yond the scope of the current study.

6.4 INFLUENCE OF FRONT-END STEERING ON STRUCTURAL WEIGHT

6.4.1 RESULTS

The use of front-end steering can significantly decrease the bending moments applied

to the vehicle structure as a result of inflight wind disturbances. This reduction in

bending moment is accompanied by a significant decrease in the required structural

weight. These reductions in structural weight are presented in Table 6-4 where front-

end steering was considered not only as a single variable but also in combination with

reductions in wind loads, tank pressures, and maximum boost acceleration. The re-

ductions were as follows:

a. Prelaunch Winds--Nominal to 95 Percent Probability of Occurrence.

b. Inflight Winds--Nominal to 90 Percent Probability of Occurrence.

c. Maximum Boost Acceleration--Nominal to 2.0g's.

d. Tank Pressures--Nominal to Vented.

The weight reductions due to the lower bending moment must be offset against the

weight of the front-end steering system required to provide vehicle stability. Both

side-thrusting rocket engines and movable aerodynamic surfaces were evaluated for

the front-end steering system. These systems were located in the vicinity of the

center of pressure as illustrated in Figure 6-4.

The weight penalties for these front-end steering systems were calculated using both

aluminum and beryllium materials, and are summarized in Table 6-5 for the 201,

202, and 202RT Configurations. For jet steering the total propellant weight for the

side-thrusting jets is included in the tabulated weights. A summary of the propellant

requirements is presented in Table 6-6 and the weight of the forward thrust structure
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Table 6-4

Structural Weight Reductionsfor Front-End Steering

Vehicle
Configuration

101

201

202

202RT

203
301

Front-End Steering Only

Weight Change
from Nominal, Ibs

-26,918

-64,678

-49,241

-52,685

-51,746

-63,375

Percent
Change

-4

-9

-7

-8

-7

-10

Front-End Steering Combined wit]:
Reduced Winds, Tank Pressures,

and Boost Acceleration

Weight Change
from Nominal, Ibs

-147,230

-162,699

-136,014

-194,723

-72,983

Percent

Change

-19

-24

-20

-26

-ii

Forward (Jet) Steering

Forward (Aerodynamic) Steering

Figure 6-4. Front-End Steering Systems

Table 6-5

Weight Penalties for Front Steering Equipment

201

202

202RT

Jet Steering Aero Steering

Aluminum Beryllium Aluminum Beryllium

412K (60 percent)

249K (37 percent)

210K (31 percent)

388K (56 percent)

239K (35 percent)

203K (30 percent)

223K (33 percent)

132K (20 percent)

l12K (17 percent)

144K (21 percent)

85K (13 percent)

61K (9 percent)
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and frames is summarized in Table 6-7. Note that the weights in both of these tables

are included in Table 6-5 along with propellant tankage, pressurization system, en-

gine modules, and attachment weights.

Table 6-6

Propellant Requirements

C onfiguration
Number

201

202

202RT

Propellant

Weight, Lb.

294,000

164,356

128,932

Table 6-7

Front-End Steering Weight--Forward Thrust Structure and Frames

Configuration
Number

201

202

202RT

Jet Steering

A!

52,620

23,763

20,459

Be

28,628

14,128

13,675

Aerodynamic Steering

A1

42,149

34,475

28,943

Be

28,624

18,256

15,750

Comparing the structural weight reductions due to reduced bending with the front-end

steering system weights suggest that no advantage is available when front-end steering

is evaluated as a single variable. However, there may be some advantage to using

front-end steering methods when other design loads are reduced. The reductions of

structural weight for multiple variable changes reported in Table 6-4 tend to favor

front-end steering since changes in load criteria would also affect structural weight

when more conventional steering systems are used. Figure 6-5 shows the effect of

three different steering designs where the loads criteria are simultaneously reduced

to the values tabulated earlier. Results are shown for a plug-nozzle design (PN), a

gimbaled bell-nozzle design (GBN), and a front-end steering design (FES), for the

representative vehicle configurations. An evaluation of front-end steering can be made

by comparing the margin between the gimbaled bell-nozzle and front-end steering in

Figure 6-5 with the weight of the front steering systems tabulated in Table 6-5.
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Figure 6-5. Effect of Three Steering Systems on Vehicle Weight

For instance, Figure 6-5 shows that the 201 Vehicle with front-end steering has a

margin of 13 percent (24 percent minus 11 percent) of the nominal vehicle weight over

a gimbaled bell-nozzle design. From Table 6-5 the smallest weight penalty to be ex-

pected for front-end steering equipment on the 201 Configuration is 21 percent of the

nominal vehicle weight. This would indicate that the use of front-end steering would

result in a net increase in structural weight for the 201 Vehicle.

Figure 6-5 shows the 202 and 202RT Configurations to have a margin of 17 percent of

the nominal structural weight separatingthe front-end steering and gimbaled bell-nozzle

designs. From Table 6-5, if aerodynamic steering is used and the additional structure

(mounting structure, etc. ) is fabricated of beryllium, the steering system weights for

the 202 and 202RT Configurations are 13 percent and 9 percent respectively of the

nominal structural weight. Therefore for the higher L/D vehicle configurations, it

appears that front-end steering designs could provide additional structural weight re-

ductions of 4 percent to 8 percent of the nominal vehicle structural weight. It is inter-

esting to note that front-end steering can provide an advantage, but only for a vehicle

designed for that purpose and with limits on maximum boost acceleration, design wind

loads, and advantageous tank pressures.

The analysis of this study neglected the elastic body dynamics of the vehicle. This

assumption would introduce an increasing amount of error for larger L/D designs. It

was also assumed that the movable aerodynamic surfaces of the front-end steering

system do not contribute to the aerodynamic disturbance loads. That is, if a vehicle
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flying a zero angle of attack experiences a sudden lateral gust of wind, the movable

aerodynamic surfaces contribute to the instability of the vehicle until they can respond

to the error signals. This effect on the vehicle aerodynamics was ignored during

this study.

From Table 6-5 it is seen that reversing the first-stage propellant tanks has a signifi-

cant effect on the weight of the front-end steering equipment. The effect on the critical

loads profile is insignificant as can be seen from Figure 6-5.

The front-end steering method was judged only on the basis of changes in structural

weight. It should be noted that the weight penalties of the front-end steering equip-

ment are related to payload on a pound-for-pound basis. For two stage vehicles, this

penalty could be reduced by staging the front steering equipment with the first stage

structure.

6.4.2 SYSTEM REQUIREMENTS

6.4.2.1 Engines and Propellant Weight Calculations

Reaction control steering is obtained by firing rocket engines with the thrust vector

normal to the vehicle centerline. The control force is determined by equating the

reaction thrust control moment to the control moment given for aft thrust vector con-

trol. The forward control force is given by

= KT sin fl(_-_) (6-9)N c
C

where

C

K

T

and
g

= distance from CG to CP and aft gimbal point respectively.

= ratio of front-end steering contribution to total steering moment.

= thrust, main engines.

= gimbal angle of main thrusters.

The propellant required is calculated from the total impulse as given by

I t = fNcdt, lb-sec (6-10)
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The required propellant weight is

It
P - lb

w I '
sp

where

I = specific impulse-sec.
sp

(6-11)

The total weight of the reaction control system is the sum

W = 4W E + P + WW S

where

W E = weight of one engine module

P = propellant weightw

W = weight of thrust structures

W = total weight of reaction control system.

(6-12)

A representative calculation for the 201 Vehicle follows.

The steering force required is 1,551,204 pounds. The total impulse was calculated to

be 129.6 x 106 lb-sec. Using an Isp = 440 for LOX/LH2 the total propellant weight is

129.6 × 106/440 = 294,000 lbs.

Assume engine modules weigh 15,000 pounds each. Based on upper stage weight cal-

culations versus propellant weight the tankage plus pressurization system is estimated

to weigh 5534 pounds. Total system weight excluding thrust structure is

4 x 15,000 + 294,000 + 5534 = 359,534 pounds

6.4.2.2 Aerodynamic System Recluirements

The control moment required at maximum q_ is determined from the Equation 6-13

M c = T sinfl _g (6-13)
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where

M = control moment
c

T = thrust of main engines

fl = gimbal angle

= distance from gimbal plane to cg of vehicle
g

The normal force for front-end steering is given by

Nc = Mc/_c

where

N = normal force of front-end controls
C

Zc = distance to cg from cp, the center of pressure where Nc acts.

(6-14)

For small deflections, the lift-force coefficient is assumed to be linear with the con-

trol deflection, and can be calculated by

N c = CL55 cqSFI N (6-15)

where

C

5
C

q

L 5

SFIN

slope of the lift force coefficient curve due to control deflection,

i._., 8CL/85

control fin deflection measured with respect to the relative wind

= free stream dynamic pressure

= area of two control fins

Thus SFI N can be computed by

T sin _ _g.

SFIN = CL 55cq _c

(6-16)

6-16



Volume 2

For the 201, 202,

Reference 15.

CL5 = 0. 075

5 c = 10 degrees.

and 202RT Vehicles the following constants were taken from

Table 6-8 gives the results for each vehicle discussed using the trapazoidal plan form

shown in Figure 6-9 in paragraph 6.4.3.3.

Table 6-8

Control Fin Size 201, 202, and 202RT Vehicle Configurations

Configuration
Number

201

202

202RT

T

21052875

21051751

21052390

sin fl

.0722

.0469

.1000

g_

ft.

135.7

181.3

94.7

e,

ft.

132.4

208.1

295

q

744.2

758

743.7

SFIN

2780

1520

1220

In order to determine the system weight the control surfaces were estimated from the

calculations reported in Reference 15 to weigh 27.9 lb/ft and the actuator weight at

3820 pounds per surface. The weight penalties for four surfaces are calculated as

AW = 55.8SFI N + 4(3820).

For the 201 Vehicle the surface plus actuator weight is 170,404 pounds.

6.4.3 ANALYSIS OF LOCAL STRUCTURES

6.4.3.1 Main Thrust Structure

The main thrust cone weight can be reduced slightly due to the elimination of the ap-

plied moment resulting from rear-end steering. For example the 201 Vehicle thrust

cone weight will be reduced by 2260 pounds.
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6.4.3..2 Forward Thrust Structure

a. Load and Deformation Calculations

The front steering thrust structure is basically a ring or a pair of rings

which transmit the side-thrust load to the main vehicle by means of

shear flow. The engines are located such that their centerlines form

right angles in a plane normal to the vehicle axis. Any thrust load is

radially inward. The design load was assumed to occur when only one

of the four equally spaced engines is firing at required thrust to turn

the vehicle. This thrust is designated as N c. For the design load as-

sumed the maximum load point is at the engine that is firing. The ele-

mental loads the ring is subjected to at that point are:

M = 0.24 N R,
C

(6-17)

N = 0.24 Nc, (6-18)

Q = 0.5 N c, (6-19)

where

M = moment,

N = normal or ring thrust load,

Q = transverse shear,

R = ring radius.

The maximum deflection of the ring is:

N R 3
A = .043 c---_--- (6-20)

r EI

where:

E = Young's modulus of the material,

I = areal moment of inertia of the ring cross section.

Ring design criteria can be stress and/or deflection. For a weight

study the ring depth and material can be used as variables.
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b. Solid Ring Girder Section

For a solid section an approximation of the ring cross section is as-

sumed to be I-shaped where:

Af = flange area,

A = web area,
w

h = total ring depth back-to-back of the flanges,

hf = distance between flange centroids,

h = web depth,
W

t = web thickness.
W

h
The web thickness was required to be -> 17---_unless maximum shear

stress dictated otherwise.

Using the preceding nomenclature one finds the total area by"

A = 2Af + Aw, (6-21)

The areal moment of inertiais approximated as:

hf 2 1 h 3 (6-22)
I = 2Af(-_) + _'tw w

Equation 6-22 can be given a better form that leads to a good first or-

der calculation of the ring section properties. Assume h = hf = h andw
Equation 6-22 becomes

h 2 A
I - 2 (Af + -_). (6-23)

Since h > hf > h numerical results using Equation 6-23 are too high.w

In order to compensate for this fact the following equation was assumed

to be more nearly correct

h 2 A
I = _-(Af + -_), (6-24)

The web is designed on the following basis

5 2

Aw -> 17"--_ ' (6-25)
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or

A Q
w -- .55FTy

(6-26)

whichever is greater. A representative 201 calculation follows.

Given N c = 1,551,204 Ib is the required steering thrust load.

two rings are to be used,

Assume

1.4 N

c = 1 085,842 poundsP - 2

Assume --
2R

max

10
--h

h = 420/5 = 84 inches
max

For 7075-T6 with E = 10.4 x 106 , FTy = 64,000, FTU = 77,000 and

T = 0. 101 lb/in 3 one finds

I - 242,142

Let A > 2 in
max--

I = 121,071 in4

5 2
A = -- = 41.505 in 2

w 170

2

= h__
Q .5 X 1,085,842 = 30.84in 2 < 170

•55FTy .55 x 64,000

Af

A
21 w

2 8h

2
= 29.129 in

2

A = 2Af + A w = 99. 763 in

Since 2R/h = 9, to compute stress use a 1.1 multiplying factor on Mc/I

to account for curved beam stress on the inner fiber

a _ 1.1 Mh + N = 43087 < 77,000
max 21 A
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Allow for a 10percent increase in beam weight to account for web

bracing andfastenings. The total structure weight is

2[1.1(2rRAT) ] = 52620lbs.

Adding the previous calculation for engines, propellant, etc. of 359,534

pounds, the total 201System is 412,154pounds.

c. Truss Type Ring Section

Where the vehicle is of large enoughdiameter a weight savings may be
possible by using an articulated type of structure rather than a solid

section. Figure 6-6 demonstrates the structural conceptof a ring sec-
tion where:

Af = Flange area

A = Area of web member
w

_f = Stress in flange

= Stress in web
W

A flange at a section is sized by the equation

M

Af = afh

For M expressed as a function of N and R then:
C

N

allow

(6-27)

(6-28)

W ,

W _

Flange

A w
M

Figure 6-6. Structural Concept of a Ring Section
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h h
In Equation 6-28 R = Route r - _ = Rinne r + 3"

Web members are sized depending upon whether they are subjected to

compression or tension. In this note the compression web member is

denoted as a strut and the tension web member is called a diagonal.

From Figure 6-6 the load in the member, S is calculated by the equation:

S = Q sec _ (6-29)

For a diagonal:

A = S/aallo w (6-30)

A strut is sized such the the Euler buckling load and yielding occur si-

multaneously, that is, Equations 6-31 and 6-32 are satisfied

2
SL

I = s (6-31)

2 _2E

A = S (6-32)
FLy

where

FLy = yield stress of material.

An extensive study of the 201 Vehicle was performed based on the above

analysis for A1, Ti, and Be alloys. The effects of R/h, and the steering

ratio were considered. (Steering ratio, denoted by K, is the ratio of

steering contribution of front jets to that of the total steering moment.

If k = 1 all steering is by front jets. ) The results for K= 1 are shown

in Figure 6-7 for 7075-T6 and Be -. 36 A1 alloy.

6.4.3.3 Forward Frames for Aerodynamic Steering

The rings or frames of the main vehicle are assumed to be subjected to two applied

tangential loads and moments in the plane of the ring and 180 degrees apart. See

Figure 6-8. The analysis will be assumed to be in the linear elastic region, hence

superposition of load conditions will be allowed. The two load conditions and the

appropriate coefficients are given below for conditions at the point of load application.
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09

(D

O

.C

4O

3O

_20

10

AI 7075-T6

Be - . 36 A1, as extruded

I I I0 2 3 4

a/h

Figure 6-7. Ring-Depth Ratio Versus Thrust Structure Weight
with a Steering Ratio, K = 1.

N N
C C

Mc_ M c

Figure 6-8. Tangential Loads Applied to Ring

At point 0

P
A R

OP

Mp

= 0 , radial deflection,

pR 2
- -.0115 _ , slope change,

= 0 , moment, P

QP

N P

= .16P , shear,

= + .5P , thrust.
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At point 0

M'
AR = 0 , radial deflection,

R M' slope change0My = .16 _--[ ,

M M' = + .5M' , moment,

Q My = .63--_ , shear,

NMy = 0 , thrust.

M

The airfoil surface is assumed to be a trapazoid in plan form with the loads distributed

equally on the circular ring frames.

L I 7 L 2A = (L + _) = i-'2

- 8
y = 2-TL

Figure 6-9 demonstrates the assumed dimensions.

(6-33)

(6-34)

T
L

£

Figure 6-9.

i

+
I

Y

Assumed Dimensions of Airfoil

-- h
For a given lift load Nc, the load per ring is P = Nc/6 and M' = P (y +_). For an

assumed ring depth h the required I of the beam can be computed by using a deforma-

tion criterion. If the change in slope is required to be some value _0 then

RK
I = E---0['16M' - .0115 PR] (6-35)

D

6-24



Volume 2

where

K

I

= steering ratio, defined at the end of paragraph 6.4.3.2.

= areal moment of inertia of the ring cross section.

For a computed I from Equation 6-35 the section area canbe computed by the equation

he A
- 2 (Af + -_),

that is, Equation 6-25 for the jet steering analysis. The stress can be calculated by

the regular methods of mechanics of materials for a check on the limits of strength.

A representative calculation for the 201 Vehicle follows. Lift load requiredis 1,551,204

pounds. The surface area to provide this is 2780 ft 2 and the span L is 48.7 feet,

- 8
Y = 2-1" L = 18.552 feet. Using three frames, the load per frame is

and

M = 57,557,209 in-lb

P = 258, 540 lb.

The total applied moment on the ring is

h
M' = M +P_

where h = ring depth. Assume the ring is 40 inches deep and

M' = 62,788,009 in-lb.

As a design criterion require 0 - 10, and

I = 19545.61in 4

using 7075-T6 alloy with E = 10,400,000 psi.

A

Af = 21 w = 23.26 in 2
Ah 2 8

A = 55.93 in

Require A
W

= he/170 = 9.41 in 2
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Assume frame weight is increased by a factor of 25percent to account for other load-

ings not considered, internal bracing, etc. The total weight is

1.2513(2_ART)] = 52,6861b

This is essentially the same frame weight calculated for front-end steering with side

thrusting jets.

The wings and actuators, controls, etc. weigh 170,404 pounds. The total system sums

up to 223,090 pounds.

6.5 PROPELLANT TANK PRESSURE PROFILES

Propellant tank pressures are selected to:

a. Satisfy minimum NPSH requirements.

b. Prevent propellant boiling.

c. Minimize structural loads in the propellant tanks.

The best pressure profile for a given tank with a specified configuration and mission

can be chosen only after an overall systems analysis is performed considering trade-

offs between the three requirements listed above. While an overall system analysis

does not fall within the scope of this study, the results of the study performed by the

Martin Company (NAS8-5135) provides an excellent base for structural weight sensi-

tivity studies. The propellant tank pressures for each of the representative vehicles

is presented in Section 3 of this volume. Structural weight sensitivities to changes in

propellant tank pressures were evaluated by venting the propellant tanks to the atmos-

phere throughout the nominal mission. The resulting structural weights were com-

pared to the nominal structural weights as shown in Table 6-9.

Table 6-9

Weight Differences for 101, 201, 202, 203, and 301 Vehicles
due to Venting the Propellant Tanks

Configuration
Number

101

201

202

203

301

Weight Change from
Nominal, lb

-3S935

-32647

+25063

-77151

+75124

Percent Change

-4.75

-4.73

+3.71

-10.44

+11.71

Vehicle L/D
I

6.34

6.04

9.65

4.72

5.03
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It is clear that the effect of propellant tank pressures on structural weight is greatly

influenced by the tank configuration. Venting the propellant tanks results in a 12per-
cent increase is structural weight for the 301 Vehicle while the 203 Vehicle structural

weight is decreased 10 percent. These results are better understood by considering

the effect of tank pressure on the structural components of the vehicles. Tank pres-

sures reduce the large compressive loads in tank cylinders so decreases in pressure

result in larger buckling loads and therefore increased structural weight in the tank

wall. On the other hand, the loads on the tank heads are decreased as pressure is

reduced. The effect of changes in tank pressure on total vehicle structural weight

therefore depends upon how the total structural weight is divided between tank heads

and tank cylinders. Tanks with long cylindrical tank sections such as the 202 and

301 Configurations show increases in weight as the pressure is reduced. Conversely,

a vehicle such as the 203 which is primarily composed of heads, benefits from reduced

pressure.

Throughout this study the pressure reduction was assumed to be achieveable in the

limit by improved pumps with reduced NPStt requirements.

6.6 REDUCTION IN MAXIMUM ACCELERATION

The launch vehicles were studied to determine the effect of reducing maximum accel-

eration. The acceleration profiles are shown in Figure6-10. Itwas assumed that the

202 and 203 Vehicles had the same profile as that shown for the 201.

The nominal 101 and 201 Configurations accelerate unthrottled to maximum accelera-

tions of 4.8 and 5.55 g's respectively, while the nominal 301 Configuration is throttled

at 2.5 g's. The effect of maximum boost acceleration on structural weight was evalu-

ated by considering different boost acceleration profiles, shown in the sketches by

broken lines. In every case it was assumed that the maximum boost acceleration of

the second stage did not exceed the first stage maximum.

The results reported for comparison purposes are for the 2 g lower limit on maximum

acceleration for all vehicles. A condensation of the results presented in Tables 4-1

through 4-5 is given in Table 6-10 for limiting maximum acceleration.

The effect of L/D or fineness ratio is once more apparent from Table 6-10 for the

200 family of vehicles. The lower L/D vehicle demonstrates the greatest weight

savings. A plot of the percent weight savings versus fineness ratio for the 201, 202,

and 203 Vehicles is given in Figure 6-11.
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Figure 6-10. Acceleration Profiles

Vehicle 301
--Nominal

500

Table 6-10

Weight Differences from Nominal for Maximum Acceleration Throttled to 2 g's

Configuration
Number

101

201

202

203

301

Weight Difference
from Nominal, lb

41,929

17,276

5,429

36,528

9,250

Percent

Weight Savings

5.54

2.5

0.8

4.94

1.44

L/D

6.34

6.04

9.65

4.72

5.03
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6.7 STRAP-ON STRUCTURES

The 201 vehicle was considered as a core structure and the added weight required to

attach solid rocket boosters and liquid propellant tanks was analyzed.

6.7.1 SOLID ROCKET MOTORS (SRM)

6.7.1.1 Weight of Core Vehicle Attachments

The effect of attaching the solid motors to the core was considered for two load con-

ditions as follows •

a. All thrust delivered to aft of core vehicle.

b. Half of the solid rockets delivering thrust at the aft end of the core ve-

hicle, and half at the forward attach points of SRM to core vehicle.

The methods of attaching used in this study are not at all to be construed as the opti-

mum mechanical approach to the solution of the coupling problem. Due to the time

limitations and relative importance of other phases of the study only one system of

coupling the core and attach solids was considered for analysis. Future studies using

other attaching methods may possibly demonstrate considerable weight reductions in

the attach structure requirements.

In order to provide adequate liftoff thrust without firing the 201 thrusters in parallel,

a minimum of eight 260-inch Solid Rocket Motors (SRM) are required. No cant of the

solid thrust nozzles were assumed in the final analysis.

a. All Thrust Delivered at Aft End

The analysis assumed that the solid motors were attached to the core

vehicle at two locations along the longitudinal axis. The aft attachment

point was assumed to transfer all the thrust loads and the forward at-

tachment point sustained only radial loads. It was further assumed

that the weight of the solid motors was supported separately on the

launch pad. Acoustic loads and buffet loads were assumed to be negli-

gible. The calculated weights are those shown below.

Forward Kick Frame 19,822 Ibs

Aft Thrust Structure 149,366 lbs

Total 169,188 Ibs
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The weight of the attachments includes all bearing seats and pins plus

half the weight of all connecting struts between the core vehicle and

strap-on solid motors.

(1) Forward Frame

The forward frame was designed as a ring girder with two connect-

ing struts per attached solid rocket motor. The loads were assumed

to act radially in the plane of the ring. The final radius-depth ratio

was such that straight-beam theory was adequate for analysis.

The ring was sized on the basis of minimizing deflection such that

the reaction load would not exceed 0.1 percent of the nominally

calculated load {where deflection is not considered). Free ring

inplane flexural vibration characteristics were considered for de-

termining the number of rigid attachments of the ring to the core

vehicle shell. Figure 6-i2 shows a quarter circle representation

of an axial view of the ring and attached solids. A cross-sectional

view of the ring with bracing is also shown.

+

A

A-A

6-30
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(2) Attachments

The forward struts were designed as Euler columns and for a mini-

mum fundamental bending mode of 4 cps.

The pins and lugs were analyzed by methods presented in Refer-

ence 41 for bearing, shear, and tension failure. Ultimate strength

methods using an idealized stress-strain curve were used for de-

termining bending strength of pins and lugs. Figure 6-13 demon-

strates the pin, strut, lug attachment.

Not to Scaie

I !

O

Figure 6-13. Pin, Strut, Lug Attachment

(3)

The weight of the pins, struts, and lug attachments were assumed

to be the same for both forward and aft attachment points. The

total weight of connecting structure for eight solid rocket motors

was calculated to be 9924 pounds.

Aft Thrust Structure

The aft thrust structure was assumed to be a relatively heavy skin-

enclosed structure composed of rings and longitudinal stringers.

The thrust is assumed to be delivered by externally attached long-

erons which also :let as beams on an elastic foundation being subjected
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to end-moment and shear inducedby misalignment.

is a representation of the thrust structure.

Thrust Load /

420" _ 30.56" _

}

I__
13"

Figure 6-14. Aft Thrust Structure

Figure 6-14

External

Longeron

Skin and Load

Thruster Plates

Frame

Stringer

b.

The same attachments are assumed for the forward frame for

taking the nominal radial load.

Thrust Equally Divided between Forward and Aft Attach Points

An investigation was performed to evaluate the increase in core struc-

ture weight due to the attach structure for eight 260-inch solid motors

attached at two stations along the longitudinal axis. Four rockets were

assumed to transfer the thrust load at the forward station and four were

assumed to transfer the thrust load through the aft attachment points.

The weights of the solids were assumed to be supported separately on

the launch pad. Acoustic and buffet loads were ignored. The calculated

weights are the same for both the forward and aft thrust structures.

Each core attach structure was found to weigh 138,000 pounds for a

total of 276,000 pounds. The weight calculations include all bearing

seats, pins, and lugs, plus half the weight of all connecting struts and

ties connecting the core vehicle to the solid motor.
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(1) Thrust Structure

The forward and aft thrust structures were assumed to be similar.

Each is made up of a relatively heavy skin enclosed structure of

rings and longitudinal stringers. Thrust is transferred by extern-

ally attached longerons which transfer the loads by shear, but acts

also as a beam on an elastic foundation subjected to an end moment

and shear load. Figure 6-15 is a representation of the thrust

structure.

End Tie Plate

Loading /

"' liliUi,,'
-_____,__ _-- ,._ Uli_z_ _.A

!

I

b

Bearing Longeron

Skin and Load Transfer Plates

/
ring ame

7 at 18.68" = 130.76" _1
r 1

m
13"

__L

26.8"

.2

Figure 6-15. Thrust Structure

6.7.1.2 Attach Structure Solid Motors

The attach structure for the 260-inch solid motors was sized. The thrust transfer was

assumed to occur by means of a ring on the solid motor subjected to a pair of out-of-

plane loads. The ring was also designed to take the radial coupling loads between the

solid motors and core vehicle. A second ring was designed to take only the radial ve-

hicle coupling loads. The two rings are assumed interchangeable depending upon

which end of the solid motor the thrust transfer is assumed to occur. The calculated

weights including attachments are tabulated below:

Forward Ring

Aft Thrust Ring

Total

1,570 lb/260-inch solid

68,356 lb/260-inch solid

69,926 lb/260-inch solid

For eight solid rocket motors the total weight is therefore 559,408 pounds.
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a. Thrust Structure

The thrust structure on the 260-inch solid used in transferring the

solid boost to the core was designed as a non-prismatic ring subjected

to out-of-plane loads. The minimum weight ring was designed to be

made of maraging steel with FTy = 280,000 psi. Figure 6-16 is a rep-

resentation of the load transfer ring acting on the core vehicle.

260-inch Solid Rocket Motor

i

/.

_P

Ext: Eng. Longeron {

Configuration 201 Core Attach Thrust STR Aft

Core

Figure 6-16. Load Transfer Ring Acting on Core Vehicle

be Forward Ring

The forward ring is a small ring subjected to a pair of inplane loads.

A representation of this method of attachment is shown in Figure 6-12.
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6.7.1.3 Summary of Attachment Weight for Eight Solid Rocket Motors

The weights for each of the two methods of attachment are shown in Table 6-ii.

Table 6-11

Summary of Attachment Weights

Load Delivery Points

All aft

Half aft/half forward

Total of Core Plus 8 SRMAttachmentWeights

Core Attachments SRM Total

169,188 9,924 559,408 738,520

265,932 9,924 559,408 835,264

These total weights increase the combined structural weight of the core vehicle and

eight solid rocket motors by 36 percent and 40 percent, respectively. Therefore, it

is evident that the magnitude of the weight penalties is high, particularly with respect

to the increase to the solid motor structure weight. Expressed in terms of the ratio

of structural weight to total liftoff weight for the 201 Core Vehicle without solid motors,

this ratio is 690,822/14,400,000, or 0.048 for the nominal vehicle. Adding eight

solid rocket motors, with an assumed gross weight of 3.5 x 106 pounds each, this

ratio increases to 0. 065, indicating a significant impact of these weight penalties on

performance.

6.7.2 STRAP-ON LIQUID TANKS

In order to calculate the effect of strap-on liquid propellants on the 201 Vehicle it was

assumed that four 260-inch solid rocket motors running in parallel with the core ve-

hicle thrusters would be used. A thrust-to-weight ratio of 1.25 was required at liftoff

in order to determine the amount of liquid propellants that could be attached by strap-

on methods. It was found that 6,452,000 pounds of propellants plus tankage amounting

to a total of 6,800,000 pounds could be carried. The weight of the additional tankage

was calculated to be 348,000 pounds. The attach structure for the core vehicle was

calculated to be 183,406 pounds as tabulated below.

Forward Frame 25,220 lbs

Aft Thrust Ring 158 _186 lbs

Total 183,406 lbs

The attach structure for the four solid rocket motors and the connecting structure

would be half of the values shown for a total of eight SRM. The attach structure and
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the connecting structure was not calculated for the additional tankage. Figure 6-17

represents the cross section view of the core plus tanks and attached solids.

A summary of the structure weights and attach weight penalties for the core vehicle

plus four strap-on tanks plus four strap-on 260-inch solid motors is tabulated in

Table 6-12.

Table 6-12

Summary of Structure Weights and Attach Weight Penalities

Structure Weight, lb

Attach Structure and

Penalties, lb

4

Liquid Tanks

348,000

Not
Calculated

201
Core Vehicle

690,822

183,406

84,594

268,000

4 SRM

688,000

279,904

4,962

284,666

Total

1,726,822

552,666

Total Structure,lb 2,279,488

The attach-structure weights increase the combined structural weights by 32 percent.

The penalties of increased structural weight for attachment of the solid motors and

liquid propellant tanks are sufficiently large to have a significant impact on perform-

ance. The ratio of structural weight to total liftoff weight is increased from 0. 048

to 0.065.

onrtonO
on

2oinches
Figure 6-17. Cross-Section of Core with Tanks and Attached Solids
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6.7.3 METHODS OF ANALYSIS

The type of problem is stated and then followed by the reference or references where

a similar method is used, or formulas given, or table and/or curves of coefficients

are available.

a. Ring Subjected to Static Loads

(1) In-Plane Loads. Reference 42, page 172 and page 178, Cases 2 and

25 respectively. Reference 41, Section B. 6 dated 15 September 1961.

(2) Out-of-Plane Loads. Reference 41, Section B.6 dated 1 March 1965.

(3) Ring Girder Cross-Section Sizing. Reference 43, Chapter 6, "Plate

Girders."

b. Beam on Elastic Foundation

Reference 44, Chapter IV, "Particular Cases of Loading on Finite Beams."

Reference 45, Chapter 4, "Beam on Continuous Elastic Support."

c. Attachments

(1) Lugs and Shear Pins. Reference41, SectionB.2dated 27 July 1961.

(2) Ultimate Strength Methods. Reference 45, Chapter 17, "Effect of

Small Inelastic Strains in Axially Loaded Members and in Straight

Beams," specifically Problem 311, page 536.

d. Vibrations

(1) Rings. Reference 46, Chapter 7, "Vibration of Systems Having

Distributed Mass and Elasticity." Reference 47, page 479 and

Reference 49.

(2) Struts. Reference 48, Chapter 4, "Vibration of Elastic Bodies,"

pages 300-302.

6.8 STAGE I THRUST STRUCTURE

Five basic vehicles were studied for thrust structure requirements at maximum load

conditions inflight and on the stand. No holddown calculations were performed. The

vehicles were designed using 7075-T6, aluminum alloy, Be -. 36 A1 alloy, and the 201

only was also designed using 6 A1-4V Ti alloy. The theory is given in paragraphs 6 . 8 . 2

and 6.8.3. The results are summarized in Tables 6-13 through 6-15. A sample cal-

culation for the 201 vehicle is included.
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6.8.1 SYMBOLS DEFINED

The following definitions for the symbols are in agreement with those given in Refer-

ence 30:

A Area

b Panel width

b S Width of sheet between stiffeners

b W Height of stiffener web

E Young's modulus

I Area moment of inertia

K S Compressive buckling coefficient of sheet of width b s

Frame spacing

N Membrane load per unit width
x

R Shell radius

t Thickness of fiat unstiffened plate

Tp Equivalent fiat plate thickness of a stiffened panel

t S Thickness of sheet between stiffeners

TF Equivalent frame thickness per unit length, A/_

T T Equivalent total shell thickness per unit length

Structural efficiency

_?L Plasticity reduction factor for general instability

_?T Tangent modulus to YoungVs modulus ratio

p Radius of gyration

a Compressive stress

v Poisson's ratio
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6.8.2 STRUCTURAL OPTIMIZATION

6.8.2.1 Axial Load

The buckling stress for local instability is given by Reference 31 and all equations are

as given in Reference 30.

2

crCR = KS 2 (6-36)
12(1 - . )

The buckling stress for wide column instability is given by

2

_?T _ E

also

N x = (_t-p (6-38)

By setting _CR and _COL of Equations 6-36 and 6-37 to cr of Equation 6-38, Equa-

tions 6-39 and 6-40 are obtained.

x _
T/L E" 12(1 - v2)

(6-39)

N 2

Equations 6-39 and 6-40 are combined to get the relationship

4

_T_L E2 12(1 - u2)

When the square root of Equation 6-41 is taken, Equation 6-42 is obtained.

E_T_?L 12(1 - u 2)

(6-40)

(6-41)

(6-42)
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Let tS= t and b S = b. Then Equation 6-42 reduces to

2

_E_

(6-43,)

tp 12(1- v2)

(6-44)

By letting K S = 4 (Reference 33) and v = 0.3, Equation 6-44 reduces to

5 98 _. _ _'tS _ (6-45)

Equations 6-43 and 6-38 can be combined to obfain

JN x -
e_/E

=
(6-46)

Frame stiffness requirements can be determined from Reference 32 for

Cf 4M R 2

I - E _ (6-47)

where

1
Cf = 16000 (Reference 32)

For a cylinder subjected to a membrane thrust load, N x, per unit width, the moment,

R 2M, of Equation 6-46 becomes _ N . Thus, the relationship in Equation 6-48 isx
obtained.

4_ R 4 N N R 4
x x (6-48)

16000 E _ 1275 E

Choosing a frame which has I = 3A 2 (Reference 30), the equivalent smeared frame

thickness becomes

A R 2 _]. Nx
TF = _" = -_" 3825 E
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or

N_x R 2
TF = \] E

61.9 _3/2
(6-49)

From Equation 6-43

(6-50)

By combining Equations 6-49 and 6-50 the equivalent total shell thickness per unit

length is obtained.

(6-51)

Assuming _/ = 1, that is, the panel stress is in the elastic range, Equation 6-51 can be

minimized and Equation 6-52 obtained.

= 0.22R cI/4 (6-52)

Substituting Equation 6-52 into Equation 6-51, it is found that

fN x R
_T = (0.157 + 0.47)_-3/e \ (6-53)

or

0. 627 _'Nx R
(6-54)

From Equations 6-51 and 6-53 it can be seen that the stiffened panel weight is three

times the frame weight under ideal circumstances.

Substitute Equation 6-52 into Equation 6-46 and obtain

= 2.13E a/e \--R- E

which for aluminum alloys reduces to

(r = 6850 s/e _x

(6-55)

(6-56)
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From Equation6-44, it canbe seen, that for a given material, e is a function of geom-

etry. In Reference30, a Z-stringer-sheet combination is shownthat has a maximum

e = 0.89, as opposed to 0.80 and 0.77 for two types of I-stringers.

Using data from plate and column buckling curves, the derived equations can be used

to plot sets of design curves for optimum structure determination. (See Reference 30.)

These curves are included in this report as Figures 6-18 through 6-25.

6.8.2.2 Moment Effects

The derivation of paragraph 6.8.2.1 can account for applied moment by the simple

expedient

M
N = x + F (6-57)

x _ R 2 2_ R

where

M = applied moment.
X

F = axial thrust.

The form of the analysis of paragraph 6.8.2.1 was presented by W. R. Micks in 1950

(Reference 58) for stiffened cylinders subjected to pure bending in which moment was

converted to axial membrane force by Equation 6-57 with F = 0. See also Reference 32.

Chapters 4 and 15.

6.8.2.3 Design Curves for Optimum Z and I Integrally Stiffened Cylinders

(Reference 30)

Figures 6-18 and 6-19 are plots of Equation 6-46 for the aluminum alloys 2219-T87

and 7075-T6 respectively.

Figure 6-20 is a plot of Equation 6-56 which represents the panel compressive stress

for any minimum weight aluminum panel in the elastic range.

Figures 6-21 and 6-22 are plots made from plate and column buckling curves for

7075-T6 and 2219-T87 for determining the stress a in the plastic range, 77 < 1.

Figures 6-23 and 6-24 show the efficiency factor, _, evaluated from Equation 6-44 for

Z and two I-stringer sections.
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Figure 6-21. _ versus a for 7075-T6 Aluminum Alloy

6-46

L



Volume 2

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

\

20 25 30 35 40 45 50
a, KSI

Figure 6-22. _ versus a for 2219-T87 Aluminum Alloy
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Figure 6-25 is the cross-sectional properties of the frame used with I = 3A 2.

!

h = 4.1 A 2

_I

t = 0.I025A 2
W

A = ht =
W W

Af = bt f =

I = 3A 2

.42A

•29A

L b I d

I--i

I

L tf.

t
w h

i

h
t -w 40

A = Total Area

Figure 6-25. Cross-Sectional Properties of Frame

6.8.3 RING ANALYSIS FOR VIBRATION

The engines deliver the load to the thrust cone by shear transfer through the bearing

longerons. Due to engine misalignment, steering requirements, and vibration charac-

teristics, the engines will also be attached to a ring in the plane normal to the vehicle

axis. Reference 49 derives a relationship for inplane flexural bending modes for a

uniform ring.

5R =

6 T =

g =

W =

R =

Let

radial static deflection

tangential static deflection

W/2_ R

weight of engines modules plus ring

ring mean radius

w = vibration frequency (rad/sec)
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From Flugge (Reference47)

5R = g
R 4

E I (n 2 - 1) 2
cos (n 0) (6-58)

5 T = g
R 4

E I n2(n 2 - 1) 2
sin (n 0) (6-59)

Reference 49 derives the expression

e g
(.0

6Rmax + 6Tmax
(6-60)

Forn=2 and sin (n0)= cos (n0)= 1

W R 3
5Rmax - 18_E I (6-61)

3
WR

5Tmax - 72rE I

5WR s
5Rmax + 5Tmax - 72_ E I (6-62)

Substitute Equation 6-62 into Equation 6-60 and

2 72v E I
a) = g

5W R s
(6-63)

For design purposes require w to satisfy some minimum value

w = 2_ f
O O

(6-64)

From Equation 6-63

I = 20_ f 2 R s
72-- o (6-65)
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6.8.4 SUMMARY OF RESULTS

Table 6-13 summarizes the results of all the basic vehicles main-thrust structures

using 7075-T6 aluminum alloy.

Table 6-14 itemizes each major component part of the thrust structure beside a sketch

of the aft end of the particular vehicle.

Table 6-13

Summary of Thrust Structure Weight Using 7075-T6 Alloy

Configuration Number

101

201, 204, 205

2O2

203

301

Weight with Rear End
Steering

81538

82741

93297

100585

56175

Weight with Forward
Steering

80110

92187

Table 6-14

Thrust Structures Itemized

101

Skirt

Configuration Number

Frame

643
Thrust

___°ne 305

Frame

Itemized Weight, lb

Frame 643

Frame 305

Thrust Cone

Skirt

Total

4452

3163

20080

53843

81538
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Table 6-14

Thrust Structures Itemized (Cont.)

Configuration Number Itemized Weight, lb

201 (204, 205)

202

203

301

Skirt

I Frame

ust Cone

_ I -- - 618

Frame

5O0
Frame

!
I
I Frame

_ Frame

Skirt _----- _ --- 500
//\\

// \\ Thrust Cone
400

Frames

Skirt

See 201

I
I Frame

I/_, _ Frame

500

305

Frame 710

*Frame 618

Frame 500

Thrust Cone

Skirt

Total

Frames 400

Frame 500

Frame 610

Thrust Cone

Skirt

Total

Frame 710

*Frame 618

Frame 500

Thrust Cone

Skirt

Total

Frame 350

Frame 500

Skirt

Total

12670

15877

4594

14761

34839

82741

21681

5637

19602

10470

35907

93297

16021

24794

4500

17600

37670

100585

11790

13269

31116

56175

*Includes shear connectors
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Table 6-15 gives the results of the base vehicles designedfor metals other than

7075-T6. Only the 201was designedusing titanium.

Table 6-15
Thrust Structures for Metals Other ThanAluminum

Configuration Number Beryllium Titanium

101

201, 204, 205

202

203

301

49773

36105

39591

38982

51340

90601

6.8.5 SAMPLE CALCULATION OF STAGE I THRUST STRUCTURE FOR
201 VEHICLE

The following sample calculation of the thrust structure of the 201 Vehicle illustrates

the use of the equations and design curves of paragraphs 6.8.2 and 6.8.3. The spe-

cific elements of this thrust structure are calculated in the following sequence:

• Thrust Cone.

• Engine Frame.

• Outer Skirt.

• Aft Ring, Station 500.

• Kick Frame, Station 710.

A weight summary is included at the end of this example, showing the weights of the

above elements, which add to a total of 82,741 pounds for the 201 thrust structure.
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THRUST CONE

710

618

---- 420R ----_

92

\
F

M

!

13 °

cos 13 ° =

tan 13 ° =

0.9744

0.2309

Figure a

Given

M = 143,000,000 in.-lb

F = 21,052,875 lb

Sta. 618:

R = 420 - 92 tan 13 ° = 420

= 398.8 _ 399 in.

399R - = 410 in.
2 cos 13 °

143000000 21052875
N ' - +

x _(410) 2 2_(399)

21.2

8668

For design use N = 8700 lb/in.
X

N
X

_-- = 21.2 lb/in 2
2

Use an integral stiffened shell of the form shown in Figure b.

6-55



Volume 2

.7bw

bw w

f
t

S

L b --I
I- s -I

Figure b

From Figure 6-23 the maximum structural efficiency for the shell in Figure b is

c = 0.77

For Nx/R 2 = 21.2 one finds from Figure 6-19 that

3/B
= _ (31500) = 28600

This falls into the elastic range for 7075-T6.

N

x(Y
0. 304 in.

and

4
= --}-p = 0.405 in.TT 3

Assume the average shell radius is 410 inches.

W = 2_ × 410 × 0.405 x 0.101 = 105.341b/in.

Total Shell Weight = 92 × 105.34 = 9690 lb

Longeron Sizing

Use 1.5 on FTy for bearing load

1.5 × 21052875
Atotal = 64000

= 493.4 in.

Assume each longeron tapers to 3 in.

Vol = _.493.4 + 3 × 18_ 92 = 25853 79in
2 cos 13 ° " "\ /

Wgt = (0.101)Vol = 2611 lb

Longerons + Shell = 12301 lb
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Shell hasbeen idealized as a cylinder. To accountfor off optimization, fabrication

factors, etc., increase weight by 20percent.

FinalW = 1.2 x 12301 = 147611b
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ENGINE FRAME

Assume ring is 60 inches deep and has an average R = 369 inches.

Use engine weights total* = 218330 lb.

Assume ring weighs 15000 lb.

W = 233,330 lb

Use 7075-T6 with E = 10,400,000 lb/in. 2 , g = 386.

Require f >-4 cps*.
O

20_ x 16 3693 x 233330
I = x

72 x 386 10400000
= 40800 in.

For weight estimation assume the ring cross-section can be represented by an I-shape

girder in Figure a.

h = total depth

I Af hf = distance between flange centroids

hA_ = depth of web plate

h = flange area

A = web area = h t
Aw w w w

t = web thickness
W

Figure a

For girder sections as given in Figure a the areal moment of inertia may be calculated

with sufficient accuracy by

2
h

= Af :_L_ + 1 h 3,' T2tw w

*PSTN-III-5 TIORE-3A
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or

2 2

hf h A
-'2"Af + w_"-_w2 6

Assuming h = hf = h w, then

I = -_- A f+

Since h>hf>h w, the preceding equation is high. To compensate for this the equation

is modified to

I = --ha Af +2

To prevent web failure require

h
t >- --w 170

Hence

5 2
A -> --
w 170

Where shear, Q, occurs

5 2
A >-- --Q_ >- --

w Tal I 170

Knowing h and Aw Af is found

A
2I w

AI =
h 2 8

Let

3600
A = = 21.2 in.

w 170

.. Af =
2 x 40800 _ __21"2 -_ 20in. 2

3600 8 -

A 2Af + A w

2
= 40 + 21.2 = 61.2in.
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W . = 2_RA7 = 6.28 × 369 × 61.2 x 0.101
ring

= 14180 lb

Previous calculations show that the web must be stiffened. The added weight is about

5 percent of the total ring as computed above.

• . Final Weight = 1.05 × 14180 = 14880 pounds
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ENGINE FRAME ATTACHMENT

Ring Shear Flow Attachments Calculations

The ring will be attached such that restraints will tie into supporting skirt.

Skirt

= 399 sin5 ° = 34.8 in.
439R

399R Ring h = 439 - 399 cos 5 ° = 42 in.

h
Eng Eng _ = arctan-_ = 50 ° 20'

s = (h 2 + £2)½ = 54.5 in.

From vibration equation

2 g
09 --

6Rmax + 6Tmax

= g
1. 255Rmax

(refer to Equation 6-69). Therefore

= g = 386 = 0.49 in.
5Rmax 1.25w 2 1.25 × 64_ 2

5Rmax

Referring to the figure to the left one sees

that

XBAR = 5Rmax cos _-2

fl = arc cos m
2 s

m = 439 cos 5 ° - 399 = 437.3 - 399 = 38.3
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cos _- = m = 38.3 = 0.703
2 s 54.4

• . XBAR = 0.49 x 0.703 = 0.344in.

G = Ee = E
×BAR

S
- 10.4 ×

0. 344
54.5

× 106 = 65701

For 7075-T6, FCy = 68000 > G

2
PCR _ E

A 2 --'(_2 = G
S

_ = - - .0063174
77 77

= 17.36 × 0.0795 = 1.38in.

For a round tube _ >- 1. 387 from Aluminum Construction Manual page 113

= 1.5261 > 1.38

OD = 4.5 in.

ID = 4. 124 in.

2
A = 2. 5403 in.

4
I = 5.9166 in.

Wgt = 0.254 lb/in.

Total Weight = 4 × 18 × 54.5 x 0.254 _- 99___.7pounds
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OUTER SKIRT

Outer skirt support structure

710

500

,e_ 453.2R

N
e

459 R 2

Assumptions : Vehicle weight at liftoff = 14,400,000 lb

Wind moment at 500 = 75 × 107 in.-lb

For design condition use load at 710

, _. 14400000 75 x 107
N× = \6.28 × 420 + "--

3.14 × 4202/

= 6939 lb/in.

sec 9 °

Use a shutdown load factor = 2

N = 13878 lb/in.
X

N
= 13878 = 32.7 Ib/in.2

R 425
2

Use a Z-stringer construction of the type used in Reference 30 and given in the follow-

ing figure.
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"_ "'3bw

w _"_f tsi_
I_ b s _I

Z-Stringer

From Figure 6-22 the optimum structural efficiency for this configuration is

= 0.89

From Figure 6-19

= 3/8 39300 = 37610

This is still in the elastic region for 7075-T6

N

Tp _ x = 0.369in.(7

4_

TT = tp = 0.492in.

For average shell R = 436.7 in.

Shell weighs approximately 2_ R }'T y = 136.3 lb in.

W = 210 × 136.3 = 28619 pounds

Bearing longerons for support on stand = 3720.

Engine mount connectors estimated at 2500.
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AFT RING

Aft ring on skirt

At station 500

N

X

9o_ 14400000 75 X 10 72 see 6 28 x 453.2 + " --\ • 3.14 x 453.22j

12600 lb/in.

Radial Load

N R = N x sin 9 ° = 1970 lb/in.

Hoop Load

P0 = N RR = 1970 x 453.2 = 8928001b

For 7075-T6 FTU = 77000

Af = 1.4 x 892800 = 16.23 in.a77000

For the kick frame used in Reference 30 with I = 2Af

hf = 3.46_f _ 14 in.

it is found that

Rf = 453.2 - 7 = 446.2

Wfram e = 6.28 x 446.2 x 16.23 × 0.101 = 4594pounds

Summary of skirt weight

Shell

Longerons

Connectors

Aft Frame

28619

3720

2500 34829

4594

39433 pounds
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KICK FRAME AT 710

= sin 9 ° = 13878 sin 9 ° = 2171 lb/in.N R N x

Elastic stability of ring subjected to radial load

2

- I)EI

gCR = R a

Fork_ 2

3EI

gCR - R 3

I = gCR R _
3E

Assume R = 410

I = 4796 in.

Use kick frame such that I = 2Af e. Therefore

Af = _'_ = 48.97 in.a

h = 3.46 _f _ 24.21 in.

R = 408 in.

Wgt = 6.28 × 408 × 48.97 × 0.101 = 12670 pounds

Stress :

2171 x 408
48.97 = 18088 psi
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RESULTS

SUMMARY

Kick Frame Station 710

Aft Skirt Frame Station 500

Skirt Shell, Longerons, Etc.

Thrust Cone

Frame Station 618

Shear Connection Station 618

Total

12670 pounds

4594

34839

14761

14880

997

82741 pounds
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6.9 SECOND STAGE THRUST STRUCTURE AND HUNG TANKS

Upper stage thrust structures and hung tanks were analyzed for aluminum, beryllium

and titanium alloys. Maximum load conditions for the hung tanks was at N-1 burnout.

The results are tabulated in Table 6-16. Table 6-17 itemizes the structural compo-

nents making up the weights in Table 6-16.

Table 6-16

Weight of Second Stage Thrust Structure and Hung Tanks

Configuration Number

101

201, 204, 205

202

203

A1 Alloys

54546

48173

39589

55987

Mate rial

Be Alloy

26093

23351

18218

25952

Ti Alloy

47740

45265

37581

53063

Table 6-17

Upper Stage Components

Configuration Number Components Analyzed

101 LOX tank, thrust cone, kick frame

201, 202, 203, 204, 205 LOX tank, LH tank, thrust cone, attach skirt and2

framing, and two kick frames

A sample calculation of the 201 Vehicle is included herein, to illustrate methods of

calculating weights for these elements.
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SAMPLE CALCULATION

UPPER STAGE HUNG TANK AND THRUST STRUCTURE

3285.5

3098

2937

2796

2681
2634

420R

_2Ellips_ei

265R

Sphere

3201.5

2862

Figure a

Structure Considered

Thrust Cone

2796

2634

190.7R

103R

Z

R

Total Thrust = 2,410,000 lb

Two engine modules

F 2410000
N =

x 2r R cos 31 °

N R = N x sin 31 °

R
R -

2 cos 31 °

4 ° Gimbal

Angle ",_
/

M M
N

X 2

R 2
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Gimbal Side Thrust for Moment = 2,410,000 sin 4 °

IM] = 1(2,410,000sin4°)(2634- StationNo.) I

Station
No.

2634

2796

2937

3201.5

R

103

190.7

265

420

M
R

2 106

120.16 0

222.48 27.2

309.16 50.9

489.98 95.4

F M
N N

x X

3193.7 0

1724.9 175.2

1241.3 171.9

783.2 128.2

N
X

3193.7

1900.1

1413.2

911.3

N
X

R
2

26.6

8.5

4.5

1.9

Design Point Station 2634

N = 3193.7
X

N
X

-- = 26.6
R

2

Use a Z-stringer shell as shown in Figure b.

L.
F"

-_. 3 bw_--

From Figure 6-22

= 0.89
max

_Z_, f ts Nx 3193.7

a 33973

b d
s vl = 0.094 in.

Figure b. Z-Stringer

For Nx/R = 26.6, Figure 6-20 gives

s/8
= (0.89) (35,500) = 33973

_T = 4 Tp = 0.125 in.

Cone Weight = 2_RT T_/ = 6.28 × 103 × 0.125 × 0.101 = 8.21b/in.

Total Cone Weight Between Stations 2634 and 2796 = 154____3pounds
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THRUST RING IN GIMBAL PLANE

fR

M
max

= F sin4 ° = 820611b

= 0.4 x 82061 x 103

= 3,380,913 in./lb

Me

I

I

e

M M
M

fatt F Tu

1.4

- 61.47

As sume

I

h

= 2A 2

= 3.46 _ = 2c

I 2 A3/2= 30 735 - = 0.578A 3/2" 3.46

A
= I 10.578 (30 735)12/3 --14"3in'2"

h = 13.03 in.

4
I = 403.28 in.

Weight = 6.28 x 14.2 (103 13_03_ x 0.101 = 86_._9_91b

BEARING LONGERONS

ABRg =
1,405,000

55,000

Assume taper to 2 in.2

W 162

0.8572

2
25.6 in.

X 0.i01) = 1051.91b
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Thrust Structure Summary

Cone = 1543

Ring = 869

Longerons = 1051.9

Total 3463.9

LH 2 TANK

Assume tank is full

Spherical cap between stations 2681 and 2796

,'ifYp
N o
xPo

Pullage = 27 + 3, use 30 psi

In gener_

d - R + R 1N = fl_R 2 3

N e = flyR _d___ + R sina¢ + 3_cos2¢2 - 1)
3 cos

Ate = _/2

R

N O = N = fiyd-_

d = 3285.5 - 2681 = 604.5 in.

= 5.55, y = 0.002561b in. 3., fly = 0.0142

At ¢ = _/2

oH 216
H = 0.0142 x 604.5 × _ = 9271b/in.

N = N 2

Stress due to ullage

= = 216P N P 30 × _ = 3240 Ib/in.N
q_ O 2

Total stress at 0

N = N O = _4167 lb/in.
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Design stresses:

Material FTy FTu FTy/1.1 FTu/1.4 Material to = %/FTu/1.4

2219-T87

QMV5-Be

6AI-4V--Ti

50000

64500

126000

62000

75000

130000

45454

58636

114545

44286

53571

92857

2219-T87

QMV5-Be

6AI-4V--Ti

0.09409

0.07778

0.04487

At pointp _ = 28 °

From general equations plus ullage

Nq5 = 4090 lb/in

NE) = 3905 lb/in

Material t Material t T t
p avg avg

2219-T87

QMV5-Be

6Al'4V-- Ti

0.09235

0.07634

0,04404

2219-T87

QMV5-Be

6AI-4V--Ti

0.0932

0.0771

0.0444

0.102

0.067

0.16

0.00951

0.00516

0.00710

Surfacearea = 2vR 2 (i

Weight = T t x
avg

2
- sin 28 ° ) = 155,445.13 in.

155,445.13

Material Dome Weight

2219-T87

QMV5-Be

6AI-4V--Ti

1478

802

1104
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Cylinder calculation (refer to Figure 1, points q and r)

At any point

NO = PR = (fl_/h + Pullage) R

Method

N0q + N0r
= t

0 2 ' FTu

Weight = 530_ x 161 x 7t

Material Weight

2219-T87

QMV5-Be

6A1,4V--Ti

5455

2908

4012

ELLIPTICAL HEAD

b = __187'5RltR£_

N = PRe/Z

N 0 = R l -

P = B T(b - Y) + Pullage

6-74
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x_ +y__ = 1
a 2 b 2

a
- = _f2

' b

R
2

a

+ sin 2¢

2

R
1

R
2

1 + sin 2q5

x = R2sin(p , y = b _/a2 - x 2

= fit b 1 - a - x + Pullage

k



0

3O

60

90

N_

4872

4969

4271

4195

N O

4872

3942

2439

2097

Ndesign

4872

4969

4271

4195

Volume 2

Material

2219-T87

QMV5-Be

6A1-4V--Ti

0

30

60

9O

0

30

60

90

0

30

60

90

1.4 Nde s
t -

FTu

0.11001

0.11220

0.09644

0.09472

0.0909

0.09280

0.0797

0.0783

0.0525

0.0535

0.0460

0.0452

m

t

0.103

0.0854

0.0493

m

Head weight tabulation; Weight = t _ × Surface Area

Material Weight

2219-T87

QMV5-Be

6AI-4V--Ti

4644

2521

3516
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CONICAL FRUSTUM

3285.5 t

141"

_Oo o

h 1 _ q NO = Ptotal Re

- Ptotal 7flh + Pullage

I 190.7R p

Note:

Station y R2 Pr NO

P

(p + q)/2

q

0

70.5

141

216

265.35

309.16

36.95

35.95

34.95

7981

9539

10805

N x loads in the frustum from thrust were small and therefore ignored in this

calculation.

t = 1.4 x 953

Surface Area = _r (190.7 + 265) .85727

Weight = 7_" x Surface Area

= 235,368in. 2

Material t- _/_" Weight

2219-T87

QMV5-Be

6Ai-4V--Ti

0.215

0.178

0. 102

0.02193

0.01068

0.01632

5162

2514

3841
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Summaryof LH Tank Weights
2

Lower Dome

Conical Frustum

Cylinder

Upper Dome

2219-T87

1478

5162

5455

4644

QMV5-Be

802

2514

2908

2521

6A1-4V--Ti

1104

3841

4012

3516

Total 16 739 8745 124 73

LOX TANK (TORUS) See Appendix D for Equations

342 = b 61

264 = b-a

v I
I 7 = 0.0413 lb/in.3

Pullage = 20 + 3 psi

Point N_

A 2475

B 3956

C 1819

D 1563

E 3254

F 2408

I 4728

O 3505

t = 1.4 N(p/FTu , A1 Only

0.055

0.089

0.041

0.035

0.073

0.054

0.106

0.079

-- _t
t = -- = 0.066

8
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Material }- t-_ Weight = S_'_ x 1.25

2219-T87

QMV5-Be

6A1-4V--Ti

0.066

0.055

0.031

0.00673

0.00368

0.00496

885O

4840

6523

Where

S = 4_2ab = 1,052,059in. 2

Factor of 1.25 is used to account for reinforcements at attachments, attachments, and

stiffening ribs on thin-walled tanks.

UPPER SKIRT

Total Loads@ fl = 1
N

z Nx LH = 234,206 lb

LOX = 799,000

""_ Nr Eng = 29,964

flW = 5,900, 594 lb

LOX LOX x

N = 5,900,594/(6.28 ×420)= 2237
Z

N = Nz/0.8572 = 2610

Nr = Nz/0_ .6009 = 1344

KICK FRAME @ Station 3201,5

F 3 N
r

3E

I = 2A 2 h = 3.46 _]A R = 420 - h/2

Weight = 21rRA
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SKIRT

Station 3201.5

t

Material I A Weight

2219-T87

QMV5-Be

6A1-4V--Ti

2969

715.49

1943

38.5

18.9

31.1

= 1.4 Nx/FTu

10104

3280

12823
i

Material t

2219-T87

QMV5-Be

6A1-4V--Ti

0.0589

0.0487

0.0281

Station 2937+

N =
X

4136 lb/in.

Material t

2219-T87

QMV5-Be

6A1-4V--Ti

0.0934

0.0772

0.0445

Weight

Material }- _/}- Weight

2219-T87

QMV5-Be

6A1-4V--Ti

0.07615

0.06295

0.03630

0.00777

0.00422

0.00581

m

= 7t × Surface Area

4983

2706

3725
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FRAME @ STATION 2862

1028

4136
I

2675

_F = 0 ; N = 1600
r r

N r 3
r

I = 3E ; I = 2A2- ; h = 3.46vA

Material I A W

A1

Be

Ti

901

223.1

585.65

21.2

10.5

17.1

3511

1146

4430

Estimate an additional 15 percent for the conical frustum between stations 2796 and

3201.5 since cone needs stiffening frames for constructions and for resisting engine

thrust.

Tank

Skirt

0.15_

A1 Be Ti

5162

4983

10145

1522

2514

2706

5220

783

3841

3725

7566

1134 Framing
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SUMMARY OF UPPER STAGE 201

Volume 2

Component A1 Be Ti

LOX Tank

LH 2 Tank

Thrust Cone

Skirt

Frame 3201.5

Frame 2937

Skirt Framing

8850

16739

3464

4983

10104

3511

1522

4840

8745

1851

2706

3280

1146

783

6523

12473

4157

3725

12823

4430

1134

Total 48173 23351 45265

Engine modules assumed to be 26,500 lbs for all materials.
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SECTION7

EVALUATION OF STRUCTURALANALYSIS TECHNIQUES

7.1 INTRODUCTION

Certain special techniques and criteria for the analysis of structures are discussed in

this section. The consideration of biaxial stress fields, namely, Hill's theory, is

studied for its effect on reducing weight for textured-titanium constructed structures.

The effect on weight reduction is also considered by varying the buckling coefficients

for axially compressed cylinders.

Structural analysis techniques tend to be limited in use by their mathematical com-

plexities and to some extent the types of materials used in the construction of struc-

tural components. Theoretically methods are often configuration oriented. Because

of the complexity of the mathematical solution, certain concepts are often not utilized

to their optimum advantage because of the stress analysis inability or the unwarranted

expense involved in extending the solution to more general configuration-load situation.

A special technique disc ussed here, namely pressure coupling, is such a case in point.

This study is technology oriented in that existing solutions of problems are used to de-

sign certain components and hopefully reduce the weight over "normal" methods of

analysis. Limited development of new approaches of analysis were used where feasible.

The findings of this study are to be considered as pertaining to the type of structures

used in the study which are in general buckling controlled in their final design, thus

the judgment of the true value of a method must be viewed in this context. For in-

stance, pressure coupling was found to be of minimal value in reducing weight for the

large low-pressure tanks used in the class of vehicle considered here. Other investi-

gators have indicated possible savings in high pressure thin-walled pressure vessels

and thus the method should be thoroughly investigated in that area. Further it should

be pointed out that the variation in buckling coefficients, while attractive, is test-to-

failure oriented and the trends of weight reductions shown should be viewed in that light.

Supplementary studies of plastic deformation theory in thin walled pressure vessels

were also considered. The details of this supplementary study are presented in

Appendix E.

7-1
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7.2 PRESSURE COUPLING

7.2.1 SUMMARY

The General Electric Company has investigated the possibility of achieving weight

savings using the pressure coupling concept in support of the NAS2-3811 contract. In

general, the pressures encountered in the basic vehicle tanks were too low to indicate

a discernable weight savings in the types of structures considered.

7.2.2 RESULTS

The object of this study was to observe the effects of considering pressure coupling as

a possible method of reducing the weight of a pressure vessel. Pressure coupling is

the inclusion of the stiffening effect of the membrane forces in the shell when calcu-

lating the discontinuity shears and moments at the geometric discontinuities in pres-

sure vessels. Previous work on pressure coupling has been reported in References 27,

28, 29, and 50.

The type of vessel considered in this study was composed of a cylindrical barrel and a

hemispherical cap. Ten cases were considered at varying pressure levels. Six cases

were vessels that were 80 feet in diameter and subjected to uniform pressure levels

of 27, 36, and 50 psi. The four other cases were for more severe loading conditions:

two vessels were 520 inches in diameter and two were 260 inches in diameter, both

being subjected to 680 psi. The cases were studied in pairs: (1) with the cap-barrel

thickness ratio equal to 0.5, and (2) with the cap-barrel thickness ratio equal to unity.

The results of this study are summarized in Table 7-1.

It is seen that pressure coupling tends to lower the barrel discontinuity stresses in the

neighborhood of the juncture compared to the regular method used for calculating these

stress levels. The membrane stress, X = oo in the table, is used to size the vessel.

A comparison shows that, in general, at least one point in the regular case exceeds

the membrane level by a very small amount and this never by more than 2.86 percent.

It would appear that a weight savings of less than 1 percent could be optimistically

realized in the cylindrical barrel for the cases considered. Cap discontinuity stresses

also reflect the consideration of pressure coupling.

In order to determine the relative effect of the possible use of the pressure coupling

concept on cap weight, cases I through VI were analyzed by nonpressure coupling

methods of Reference 52. The results indicated that the merits of a pressure coupling

7-2
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analysis would not realize weight savings of significant magnitudes. A typical cap will

be discussed in paragraph 7.2.4.

Cases VII through X are out of range of the types of loadings that occur in the vehicles

comprising the basis of this study and were not investigated further. Such vessels

are more in the load/size range where pressure coupling is expected to achieve meas-

ureable weight savings.

7.2.3 EXPLANATION OF TABLE 7-1

Table 7-1 lists the pertinent results from the study. The cases are listed in ordered

pairs where the difference is in the cap-barrel thickness ratio only. Each column is

identified as follows:

Case Numbers I, II, HI, etc.

Cap-barrel thickness ratio.

Vessel radius, R.

Pressure load, p.

Distance to the point on the hoop stress curve where stress is a maximum, X.

Discontinuity moments, M, and shears, V, for pressure coupling, PC, and

nonpressure coupling, Reg.

Maximum barrel hoop stresses.

Cap discontinuity stresses. The cap discontinuity stress reflects the maxi-

mum principal stress, either meridional, or circumferential.

7.2.4 TYPICAL CASE

7.2.4.1 Analysis (Case Numbers HI and IV, Table 7-1)

The typical vessel considered was a cylindrical shell with hemispherical caps. The

barrel length was 780 inches and the shell diameter was 960 inches, total shell length

was 1740 inches.

Two cases were considered as follows:

a. Cap and barrel thickness ratio equal 1.

b. Cap and barrel thickness ratio equal 0.5.

The design load considered was for a uniform internal pressure of 36 psi. The ma-

terial properties used were those for 2219-T87 aluminum alloy and are summarized

in Table 7-2.
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Table 7-2

Material Properties--2219-T87 Aluminum

Ftu

Fry

F
cy

62,000

47,000

49,000

E 1, 030,000

The analytical equations used are presented in Appendix D.

Safety factors used were 1.4 on Ftu and 1.1 on Fty. Gauge thickness selection was

based on an apparent F' defined as 1.4/1.1 (47,000)59,800 psi. The gauge thicknesstu

as used in the cap and barrel respectively were h z = h 2 = 0.290 for case I. The re-

sults are summarized in Table 7-3 where X is the point in the barrel of maximum

stress, PC implies use of pressure coupling terms, Reg implies ignoring the pressure

coupling terms, and X = oo for membrane stress.

Table 7-3

Result of Analysis of Cylindrical Shell with Hemispherical Caps

hz/h 2

0.5

1.0

0

15.4

24.5

44.2

oo

0

15.4

20.0

52.1

oo

Barrel Stresses

PC

55,900

57,600

59,600

44,700

51,600

59,600

Reg

56,460

60,118

59,850

59,600

59,600

44,700

61,305

59,530

59,600

7-8
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The consideration of the pressure coupling terms resulted in the membrane stress

being maximum whereas whenthey were ignored, short segments in each cylinder

considered exceedsF'tu. For the structure with hl/h 2 = 0.5, the excess was 0. 531

percent and where the ratio hl/h 2 = 1 the excess was 2.516 percent. Since these ex-

cesses occur over short shell lengths and are principal stresses, it was concluded

that the use of pressure coupling could not reduce the barrel weight by an appreciable

amount for this design.

The caps were investigated for stress distributions without pressure coupling to see if

the results merited further investigation utilizing the concept.

A summary of the cap discontinuity stresses is given with and without pressure cou-

pling terms in Table 7-4.

Table 7-4

Summary of Cap Discontinuity Stresses

hl/h 2 PC

65,600

44,700

Reg

66,471

44,700

where hl/h 2 = 0.5 the discontinuity stresses exceed the membrane in F' sizing stress,tu

however, insignificant differences exist between the use of pressure coupling or ig-

noring it.

Table 7-5 summarizes the non pressure coupled stresses in the cap through the

meridional angle _b, defined in Figure 7-1, until the stresses attenuate into practically

pure membrane stresses.

Table 7-5 shows that the stresses attenuate to membrane conditions very rapidly. For

the case hl/h 2 = 0.5, this takes place in 7.2 degrees and in 13.5 degrees for the case of

= 1.0

Investigation of Table 7-5 shows that the stresses exceed F' = 59, 800 in a band oftu

about 2 degrees from the joint of the cap and barrel where hi/h2 = 0.5. Therefore°

it was concluded that the pressure coupling concept need not be considered further as

it would not reduce the weight of the cap an appreciable amount, since the best it could

7-9
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Table 7-5

Summary of Nonpressure CoupledStresses

hl/h 2 _b a(b Max or0 Max

0.5

1.0

90

89.1

88.2

82.8

9O

89.1

88.2

82.8

76.5

64,238

61,873

60,611

59,586

29,793

38,502

35,010

29,804

29,793

66,471

61,690

59,709

59,586

44,669

36,862

31,151

29,816

29,793

h
2

t
p = 36 psi

• 290"

R := 480"

Barrel

I

Cap

•290" and

•145"

Figure 7-1. Definition of Meridional Angle
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do would be to reduce the large discontinuity stress, which occurs only over 2 short

shell segments.

An approximation of the weight savings can be calculated and upper and lower bounds

determined. The 2-degree band width of excessive stress comprises 3.49 percent of

the cap surface area. Since the maximum discontinuity stress was 66,471 or 11.15

' = 59,800 for the case where hi/h2 = 0.5 the upperpercent greater than the Ftu

bound of the weight savings would be

0 0349 × 66,471 - 591800
• 66,471 x 100 = 0.35 percent

Assuming the actual average stress in the 2-degree band is 63,000 psi the lower bound

would be

0 0349 x 63t000- 59,800
• 63,000 x 100 = 0.18 percent

7.2.4.2 Limitations of Investigation

Limitations of the investigation include the following:

a. The investigation was limited to the use of known solutions given in

references 44, 28, 27, and 50. Those solutions were good for uniform

internal pressure only and for cylinders and spherical caps.

b. Such vessels of the magnitude used in the analysis are usually limited

to caps other than hemispheres and the barrel designs are usually con-

trolled by buckling loads, since the tank walls are ordinarily a part of

the vehicle body proper•

7.2.4.3 Conclusions

The following conclusions were determined:

a. Pressure coupling for low-pressure, thin-walled vessels does little to

reduce weights in hemispherical caps attached to long cylindrical

barrels, since membrane stresses tend to dominate the design. This

is not an unexpected result and is referred to by other investigators

(References 44, 27, 51, and 50).

b. Shells such as occur in the post-Saturn type of vehicle have not been

investigated for other than uniform internal pressures. Available

solutions would only be suitable for hung LH tanks where hydrostatic
2

stresses are lowest.
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c. Subsequentconsiderations, suchas highly pressurized "short" or

"medium" cylinders, where bendingdominates are apt to be more con-

ducive to weight savings by using pressure coupling. Most investiga-

tions of cylinders have beenfor long cylinders (References 44, 27,

and 51) andfor a limited range of caps (Reference50}. Design curves

in Reference 50 point out the merits of pressure coupling as occurs in

the attenuation region for a family of shells subjected to a range of

pressure parameters.
d. Efficient use of the pressure coupling solution is probably material

oriented, that is, for brittle or stiff materials where the modulus of

resilience is of the sameorder of magnitude as the modulus of tough-

ness in which case the elastic solution is probably the safest solution.

Where the modulus of resilience is small compared to the modulus of

toughness, the membrane loads will dominate and pressure coupling
canbe replaced by a limit analysis utilizing a theory of strength, such

as Hill's or von Mises' flow rule to obtain weight reductions.

7.3 CONSIDERATION OF BIAXIAL STRESS FIELDS

7.3.1 INTRODUCTION

Some materials, such as titanium alloys, exhibit strengths in biaxial tension stress

fields that are significantly greater than those predicted by the von Mises failure cri-

terion. These materials are strongly dependent upon the inherent thickness anisotropy

in a biaxial stress condition. Hill's failure criterion is commonly used for predicting

the yielding of such materials. This criterion may be expressed in terms of the prin-

cipal stresses for biaxial stress fields as

2 N 2 2ppN N + N 2 (7-1)N = i - i 2 2

where :

NI ,N2 principal stress resultants

gp plastic Poisson's ratio

N
O

equivalent uniaxial stress resultant.

It is clear from Equation 7-1

special case of Hill's theory.

7-12
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7.3.2 RESULTS

The yon Mises theory has beenused in this studywhere biaxial stress fields occur for

determining componentweights, henceit is the nominal or basis of comparison for

deviating results. The part of the weight sensitivity study reported in this section

evaluated the effect of varying pp from 0.5 to 0.7 for the 201 Vehicle using textured
titanium for the construction material.

The maximum principal stress theory was also considered for further comparison.

The study is summarized by means of Figure 7-2 where the percent weight savings is

plotted as a function of pp and construction type.

Reference 41 reports that a value of #p slightly greater than 0.7 has been achieved in

titanium. Using pp = 0.7 the reduction in overall structural weight of the 201 Vehicle

is in the range from 1/2 to 2 percent depending on the type of construction used in the

vehicle.

7.4 EFFECT OF VARIATIONS IN BUCKLING COEFFICIENTS

7.4.1 GENERAL

This study was performed to examine the effect of buckling coefficients on the resulting

weight of an axially loaded cylindrical structure. Buckling coefficients are correction

factors usually determined experimentally and are often applied to theoretical equa-

tions in order to assure structural integrity. Inadequate data may foster the use of

necessarily conservative correction factors. The study reported here demonstrates

the sensitivity of the weight of a particular launch vehicle made of families of alumi-

num constructions to a range of changes to the buckling coefficients used in the design

of various structural components.

7.4.2 THEORY

The weight, W, of a cylindrical shell in axial compression can be expressed as a

function of the square root of the ratio of the meridional stress, N x, to the buckling

coefficient C. That is to say

W = W_]Nx_ (7-2)
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the Mm\. Shear Theory (the most conservative
of the two) in the sections affected by variations
in pp.
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A studyof Equation 7-2 showsthat W canbe changedby varying either Nx or C. In
this study, changesin W were assumedto be the result of changesin the buckling co-
efficient C.

7.4.3 RESULTS

A short program was written to calculate the ratios

and

R I = Nx/Nno m (7-3)

R2 : %/% (7-4)
nom

for various sections of the 201 Launch Vehicle.

The ratios calculated by Equations 7-3 and 7-4 were used to study the effect of

changes in buckling coefficients on structural weights by the methods explained in

Section 4. Figure 7-3 summarizes the complete study graphically for various types

of aluminum constructions and the 201 Launch Vehicle.

To give an example of the buckling coefficient values used for orthotropic cylinders,

refer to Figure 7-4. The nominal design value used is approximately 0.4; the range

of values studied is shown plotted on either side of the nominal design curve.

Figure 7-5 shows a plot of nominal values used for monocoque cylinders. The vehicle

considered had a nominal domain of 1000 _ R/t _ 8400 for a nominal range of

0.07 _< C _< 0.15. The band plotted on Figure 7-5 demonstrates the sets of values

covered in this study. It is of academic interest to note that recent tests (Reference 57)

performed on monocoque cylinders showed 70 to 80 percent of the theoretical value

can be achieved by very closely controlled fabrication.
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201 Vehicle
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SECTION 8

MATERIALS AND FABRICATION PROCESSES

8.1 GENERAL CONSIDERATIONS

The aerospace industry's demanding requirements for specialized materials, fabrica-

tion processes, and inspection techniques for aerospace structures are responsible for

the accelerated advancements in current technology. Materials, fabrication proc-

esses, and inspection techniques, both old and new, are under continuous investigation

and development.

It appears that none of the established materials have reached the limit of their poten-

tial properties. Therefore, in considering materials for future use, the older estab-

lished materials cannot be overlooked. Aluminum alloys, for example, are currently

being widely used in the aerospace industry and indications are that they will continue

to play a large part because of ease of fabrication and low comparative cost. Newer

high strength alloys are currently under development for cryogenic service.

Alloys of titanium, magnesium, and beryllium are assuming a more important role in

aerospace structures. These materials, it appears, will play a large part in future

applications.

Since aluminum alloys are so widely used, they serve as a good basis of comparing

their properties and characteristics with those of newer metal materials (see

Table 8-1).

Composite materials which only a short time ago appeared to be materials for distant

future application, today are a reality. The use of fiber-reinforced composites is re-

ceiving increased recognition as a solution for achieving extremely strong lightweight

materials. Structurally efficient fibrous composites, such as pressure containers of

glass filament reinforced plastics, are already in widespread use in aerospace and

other industries. These materials are stronger, pound for pound, than the high-

strength steels.
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Of all the potentially useful fiber-reinforced materials, none have the strength of

whiskers (single crystal filaments), which in some cases approach the theoretical

strength of single crystals. When these fibrous materials can be incorporated effec-

tively into a suitable matrix, a strong, stiff, low density material will result.

The usefulness of the newer materials cannot be limited by the lack of suitable fabrica-

tion techniques or additional high cost. Therefore, to meet the demands of space age

hardware, fabrication methods also must make advancements. The challenge to inven-

tive engineering, precision craftsmanship, and versatile tooling is continuous. The

basic techniques of forming, machining, and joining all are being improved and some

new processes are being developed. High-energy-rate forming is receiving consider-

able interest where large parts, such as domes, are to be formed. Lasers, which are

new on the scene and only in their infancy, show tremendous potential for welding and

drilling.

Inspection techniques, which permit testing or inspection of materials and parts with-

out impairing their future usefulness, have grown in the past few years. Indications

are that nondestructive inspection will continue to grow at an accelerated rate with the

projected use of composite materials and newer construction techniques in the aero-

space industry. Most of the current inspection methods will continue to find applica-

tion to aerospace structures with newer techniques, such as thermal, infrared, and

ultrasonics, finding increased usefulness.

8.2 ADVANCED MATERIALS

Titanium alloys, with their high strength to density ratios, make them very attractive

for weight savings on projects requiring intermediate strength levels. The two main

attributes of these metals are high strength-to-density ratio and good corrosion re-

sistance. High cost, difficult fabricability, and limited weldability are the main dis-

advantages of titanium materials at the present time.

Magnesium alloys are not as strong as other structural materials, but they do have the

lowe st density; therefore, they should be considered for those applications where weight

considerations are of prime importance and strength is of secondary importance.

They are characterized by lightness and good formability. Magnesium-lithium alloys

are the lightest structural material commercially available.

Beryllium is one of the newer materials that has come into prominence in recent years

in the aerospace industry. Theoretically, beryllium is the outstanding structural
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material with its exceptional modulus (42by 106psi; Reference 61) andremarkably

low density (0.067 lbs/in3). The disadvantagesof beryllium are toxicity of the metal
and its limited low-temperature ductility. Beryllium can be machined and handled

safely by using recommendedprocedures. However, needfor strigent safety pre-
cautions addsto cost of producing andfabricating the metal. The problem of brittle-

ness is under extensive investigation with hopesof a solution or ways to circumvent it.

High-strength steels possess an impressive combination of properties of direct con-
cern to the aerospaceindustry. Advantagesof steels include the availability of mate-

rial, the experience already gainedin processing techniques, the wealth of knowledge

concerning properties and the low cost when comparedwith other materials considered

for spacevehicles. It appearsthat the potential properties of steels have not been
reached andintensive research into methods of improving strength, ductility, and

weldability are in progress. Continuedimprovements in the established materials and

new alloys should result in the production of steel componentswhich canbe used in
service with complete reliability at an applied stress level of 400 by 103 psi.

Tables 8-2 through 8-10 showmaterial properties versus temperature for aluminum

alloys 2014-T6, 2024-T4, 2219-T87; titanium alloy 6A1-4V_alloy steel AISI4340;

magnesiumalloy HK31A-H24; stainless steel PH15-7MO, andberyllium Y5804, QM-5.
These tables indicate material property changesas the temperature varies from room

temperature to -300°F.

Compositematerials are fast appearing on the aerospace structural scenebecauseof

their potential reduction of structural weights. Most impressive are those displaying

high efficiency in carrying compressive loads and characterized by high modulus-to-

density ratios.

The use of filamentary composites, such as high modulus glass in epoxy, boron fiber

in epoxy, are some currently being developed, and many more composites are re-

ceiving considerable attention. Composites are not limited to plastic binders; metallic

binders appear attractive for future applications. Steel wire in an aluminum matrix,

and beryllium wire in an aluminum matrix are two examples of such composites.

Whiskers are potentially stronger than any other filamentary material because they

are single crystals having nearly perfect structure and are receiving considerable

evaluation for potential use.
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Table 8-2

Material Properties versus Temperature for 2014-T6 Aluminum Clad

Temp
(°F)

Room

0

- 50

-100

-150

-200

-250

-300

Percent
{7
Y

at Room
Temp

100

101.5

Percent

%It
at Room

Temp

100

102.5

(7
Y

(xl03psi)

56

57

103

107

109

110

113

116

105 58

109 60

111 61

112.5 62

123.5 63.5

128 65

64

65.5

67

70

71

72

79

82

(Yo*

(xl0_psl)

03

64.5

60

69.6

7O

71

• 77.9

80.7

Percent

* Ec E
a°'s_ at Room c

(xl03psl Temp (xl0Spsi}

59 100 10.7

69 101 10.9

00 102 10.9

62 103 II.0

63.3 103.5 11.1

64 104 11.15

65.5 105 11.25

67.2 106 11.35

P

(Ibe/fr s )

174

174

174

174

174

174

174

174

*The properties from -50 ° to -3000F have been obtained byusingthe same percent increase as
for yield.

#

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30

NOMENCLATURE

E
C

E
see

Etan

7/

77w

O

_yield

ault

13"
O

13"
C). _5

Compressive modulus of elasticity (psi).

Compressive secant modulus (psi).

Compressive tangent modulus (psi).

Tangent - secant modulus reduction factor.

Tangent modulus reduction factor.

Secant modulus reduction factor.

Density of material (lbs/ft3).

Yield stress {psi).

Ultimate stress (psi).

Secant yield stress at 0.70 E (psi).

Secant yield stress at 0.85 E (psi).

Poisson's ratio.
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Table 8-3

Material Properties versus Temperature for 7075-T6 Aluminum

Temp
(°F)

Room

0

- 50

-100

-150

-200

-250

-300

Percent
o
Y

at Room
Temp

10o

107

114

117

120

125

127

130

Percent

_It a
at Room Y

Temp (xlOapsi)

100 64

103.5 68.

107 73

110 75

113 77

116 80

117 81

121 83

ault

(xlO3psi)

77

79.5

82

85

87

89

90

93

.iT**

O

(xlO3psi)

70

73.75

77.5

79.5

81.5

84.5

85.5

88

(y $

_.e5

(xloapsi)

63

67.5

72

73.5

75.5

78.5

80

82

Percent
E

c
at Room

Temp

100

100.75

101.5

102

102.5

103

104

106

E
c p

(xl0_psi) (lbs/ft a)

10.5 174.5

10.575 174.5

10.65 174.5

10.7 174.5

10.75 174.5

10.85 174.5

10.9 174.5

11 174.5

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30

* These properties from -50 ° to -300°F have been obtained by using the same percent increase as
for the yield since the room temperature properties are almost identical.

**These properties from -50°F to -300°F have been obtained by using the average percent increase
between that used for yield and ultimate.

Table 8-4

Material Properties versus Temperature for 2024-T4 Aluminum

Temp
(°F)

Room 100

0 I00.5

50 101

-100 101

-150 102

-200 107

-250 113

-300 124

Percent
{Y

y
at Room
Temp

Percent

_ult
at Room

Temp

100

100

100

100

101.5

106

108

111

(7

Y

(xlOapsi)

42

42.25

42.5

42.5

43

45

47.5

52

iTult

(xlOapsi)

63

63

63

63

64

67

68

70

iT *

(xlOapsi)

46

46.25

46.5

46.5

47

49

52

57

Percent

a * Ec
o.e_ at Room

(xlOapsi Temp

43 100

43.25 102

43.5 104

43.5 106

44 107

46 108

48.5 110

53.2 112

*These properties from -50 ° to -300°F have been
for yield since the room temperature properties

E
c p

[(xl06psi) (lbs/ft a )

10.7 172.8

10.9 172.8

11.1 172.8

11.3 172.8

11.45 172.8

11,60 172.8

11.8 172.8

12.0 172.8

i

p

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

obtained by using the same percent increases as
are approximately equal.
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Table 8-5

Material Properties versus Temperature for 2219-T87 Aluminum

Percent

t/
Y

Temp at Room

(°F) Temp

Room 100

0 102

- 50 104

-100 105

-150 107

-200 110

-250 113

-300 117

Percent

_ult

at Room

Temp

100

102

104

106

107

110

114

120

(y

Y

(xl0_psi)

5O

51

52

52.5

53.5

55

56.5

58.5

Crult

(xl03psi)

62

63.25

64.5

65.6

66.3

68.1

70.6

74.4

O"n

(xlO_psi)

52

52.25

52.5

53

55

57

59

62

(y

(xlOapsi)

5O

51

52

52.5

53.5

55

56.5

58.5

Pe rcent

E
e

at Room

Temp

100

100.5

101

102

103

104

106

107

E
c p

(xl0'_psi) (lbs/ft _ )

10.4 172.8

10.45 172.8

10.5 172.8

10.6 172.8

10.7 172.8

10.8 172.8

11.0 172.8

11.1 172.8

P

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30

Table 8-6

Material Properties versus Temperature for 6A1-4V Titanium

Te mp

(°F)

Room

0

- 50

-I00

-150

-200

-250

-300

Percent
ff

Y
at Room

Temp

I00

106

112

117

123

128

135

144

Pe rcent

ault

at Room

Te mp

100

106

112

118

123

128

135

144

ff
Y

(xl_psi)

126

133.5

141

148

155

162

170

182

quit

(xl0Spsi)

130

137.5

145

154

160

166

175

187

128

135.5

148.5

151

157.5

164

173

184.5

Percent

E* c
.85

at Room

(xl0Zpsi) Temp

124 100

128 101

182.5 102

146 103

152.5 103.5

158.5 104

167.5 105

178.5 107.5

*The same percent increases that were used for yield and ultimate were used

stresses at 70 percent and 85 percent.

E
c p

(xlOepsl) (lba/R s)

16 276

16.15 276

16.3 276

16.5 276

16.6 276

16.65 276

16.8 276

17.2 276

for

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

the secant yield
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Te mp
('F)

Room

0

- 50

-100

-150

-200

-250

-300

Table 8-7

Material Properties versus Temperature for AISI 4340 Alloy Steel

Percent
ff
Y

at Room
Temp

100

100.5

101

103

107

109.5

115

120

* The same percent
**The same percent

Pe rcent

Suit
at Room

Temp

lOO

101

ff
y

:xiO_pei)

242

243.5

Suit

{x103pe i)

260

262.5

102 245

104 250

106 260

109.5 265

111.5 280

115 290

265

270

275

285

290

300

O" *

(xl@psi)

255

257.5

260

266

270

279

284

293

a **

xl0_psi)

225

222.5

227

234

238

246

251

259

Pe rcent
E

c
at Room

Temp

100

101.7

103.5

103.5

103.5

103.5

105

105

E
c O

(xl0_psi) (lbs/R _)

29 483

29.5 483

30 483

30 483

30 483

30 483

30.5 483

30.5 483

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

lncreues that are used for ultimate are used for the secant yield of 70 percent E.
increases that are used for yield are used for the secant yield at 85 percent E.

Table 8-8

Material Properties versus Temperature for HK 31A-H24 Magnesium

Temp
(°F)

Room

0

- 50

-100

-150

-200

-250

-300

Percent
(3

Y
at Room

Temp

100

101.5

103

106

109

112

114

116

Percent

Suit

at Room
Temp

100

104

108

117

124

131

136.5

142

(Y

y

(xl03psi)

25

25.4

25.8

26.5

27.2

28

28.5

29

Suit

: (xl0_psi)

35

36.5

38

41

43.7

46

47.7

50

O" *

(xlO3psi)

25

25.8

25.8

26.5

27.2

28

28.5

29

Percent

a * Ec
at Room

(xl Oapsi) Temp

23.5 100

23.85 100

24.2 100

24.9 101.5

25.6 103

26.3 104.5

26.8 106

27.2 lOS

E
c p

(xl0Spsi) (lbs/ft u)

6.5 112

6.5 112

6.5 112

6.6 112

6.7 112

6.8 112

6.9 112

7.0 112

P

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30

*These properties from -50 ° to -300°F have been obtained by using the same percent increase as for
thc yicld since the room temperature properties are approximately equal.
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Table 8-9

Material Properties versus Temperature for PH15-7Mo, RH 950 Condition

Pe rccnt

(T

Y
Temp at Room

( ° F} Temp

Room 100

0 101.25

- 50 102.5

-100 106

-150 110

-200 114

-250 114

-300 114

Percent

Crult

at Room

Temp

100

101.75

103.5

107.5

110

113

113

113

Y

(xl0_psi)

210

212.5

215.5

222

231

240

240

240

_ult

(xl 0_psi)

225

229

233.5

242

248.5

255

255

255

o" ***

(xl0_psi)

215

219

223

232

237

244

244

244

Assume same increases as AISI 4340, Table 8-7.

iO" **

(xlOapsi)

200

202

205

212

220

228

228

228

Percent
E *
e

at Room

Temp

100

101.75

103.5

103.5

103.5

103.5

103.5

103.5

E
c p

(xl0'_psi) (lbs/ft _ )

30 478

3O.5 478

31 478

31 478

31 478

31 478

31 478

31 478

0.30

0.30

0.30

0.30

O. 30

0.30

O. 30

O. 30

** The same percent increases that are used for yield are used for the secant yield at 85 percent E.

***The same percent increases that are used for ultimate are used for the secant yield at 70 per-
cent E.

Table 8-10

Material Properties versus Temperature for Y5804, QMV-5 Beryllium*

Temp

(*F)

Room

- 50

-100

-150

-200

-25qP

-30t)

Pe rcent

Y
at Room

Temp

100

Percent

_ult

at Room

Temp

100

(7
Y

(xlO3psl)

64.5

_ult

(x1031)81)

75

(TO

(xlO3psl)

54

Percent
E

_o.e_ c E
at Room c

(xlOSpsl) Temp (xlOSpsl

43.5 100 42 115

*Use room temperatures properties of beryllium from -50* to -300*F since applicable data is not
available at this time.
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Many problems currently exist, from growing whiskers to conducting tests to prove

performance, as well as high cost of whiskers at the present time. However, because

of their exceptionally high strength they are attractive candidates as reinforcing agents.

When whiskers are incorporated in a matrix, the filaments are discontinuous. Con-

sequently, the strength of such a composite depends primarily on the ability of the

matrix to transmit the load by shear to each of the embedded whiskers. This means

that the whiskers must be in intimate contact with and well bonded to the matrix before

any appreciable strengthening of the composite can be observed. When stresses are

effectively transferred to the reinforcing whiskers, the strength of the whiskers and

their volume fraction essentially determine the strength of the composite.

Another area of potential improvement is associated with the use of shaped fibers de-

signed to improve the transverse properties of a uniaxial composite. A process has

been developed for the disposition of thin films of boron on a plastic substrate (Ref-

erence 37). The important characteristics of these thin films is that they have demon-

strated the same high mechanical properties as boron filaments. By cementing to-

gether layers of these thin films, a laminated composite can be built up having biaxial

properties approaching those of the primarily unidirectional properties of the fila-

mentary composites. At present, the thickness of plastic substrate used limits the

volume fraction of boron in the laminated film to 30 percent. This material has a

modulus that is slightly lower than those of isotropic boron fiber epoxy composite and

will differ little in performance from the latter material. However, Reference 37

projects ahead to 50 percent volume fraction boron; and it is anticipated that the per-

formance of such a composite (yet to be evaluated) would be substantially superior to

that for other boron/epoxy composites.

8.3 FABRICATION TECHNIQUES

The ideal materials usually have the characteristics and properties which make them

difficult in either forming, machining, or joining. Therefore, some of the old reli-

able processes of metal forming are being adapted or modified to handle many of the

new requirements as well as newer processes being developed to meet the increasing

needs of the industry.

High-energy-rate forming methods are being developed and refined and in all prob-

ability will play a large role as a future fabrication technique. Most high-energy-rate

forming methods are not really new, but the range of unique applications has broadened
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to increase their importance. Domes 10 feet in diameter are currently being formed

by explosive forming, and studies are underway to provide the technology for ex-

plosively forming 10- to 50-foot diameter domes. Principal advantages of this process

are very low capital investment required to form large parts and the low cost of dies

that are required. However, prime limitation at the present time is the lack of under-

standing for controlling the effects of the many variables in the process.

Lasers, which at the present time are not much more than a laboratory curiosity,

show tremendous potential as a future fabrication technique and possibly as an inspec-

tion method. The rate of advancement of this technique has been very rapid, but at

the present time it is only in its infancy. Lasers have been used for drilling, milling,

and welding. Inspection of materials is a possibility by taking minute samples of a

material for analysis without imparing the usefulness of the parent material.

The demand, within the industry_ for quality welds free from atmospheric impurities

has led to the use of inert-gas welding and electron-beam welding methods. Inert-gas

welding is conducted in an inert atmosphere to eliminate contaminations which nor-

mally cause cracks, porosity, and loss of ductility in a weld. Electron-beam welding

is performed in a vacuum and is the cleanest welding method known. The method

offers ultrahigh cleanliness and also a minimum of heat-affected area. The heat pro-

duced by electron-beam welding is capable of melting any known material. Furnace

brazing is not a new process, but in the aerospace industry, it is finding applications

to many complex assemblies that are not adaptable to other welding techniques and to

the joining of dissimilar metals.

Machining operations, such as electric discharge, electrochemical, chemical milling,

and ultrasonic vibration, are growing rapidly in application. The extremely fine detail

that can be achieved with these processes, along with speed, relative simplicity, and

cost of tooling are making them very attractive to industry.

The best structural materials and fabrication processes would be of limited use with-

out the knowledge of how they could best be utilized in construction of vehicle com-

ponents. Some of the typical construction techniques currently in use are monocoque,

semimonocoque, integral stringer and ring, open faced corrugation, single faced cor-

rugation, and honeycomb sandwich. Honeycomb sandwich construction, because it

offers a substantial reduction in structural weight over other techniques, is receiving

considerable attention.
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8.4 INSPECTION TECHNIQUES

The primary purpose of inspection is to determine the quality of a part or material for

the purpose of acceptance or rejection. Many of the current methods of inspection are

not new, but have found application to aerospace structures. Inspection techniques,

such as visual, pressure and leak, and penetrant, are not new, but will continue to

play a large part in determining the adequacy of parts for specific applications. For

example, visual inspection is the oldest and simplest method of inspection, but it is

very important and sometimes reveals flaws that have not been detected by other

methods of inspection. Visual inspection should always supplement other inspection

methods.

X-ray and gamma ray radiographic inspection is one of the more widely used non-

destructive inspection methods. Ultrasonic, eddy current, and thermal infrared inspec-

tions also are widely used. The selection of a particular inspection method is depend-

ent upon the part or the material to be inspected. The choice of an inspection method,

the technique applied, and the interpretation of inspection results requires skill and

experience on the part of the inspector. Inspection standards are needed by inspectors

to aid in evaluating the results of inspections so that acceptance or rejection can be

based on standards rather than relying entirely on judgment.

In order to fulfill the needs of the advancing technology in materials and fabrication,

inspection methods and techniques also must make advancements and new methods and

instrumentation must be developed. The use of nondestructive inspection techniques

has grown in the past few years and indications are that they will continue to grow with

the use of newer construction techniques in the aerospace industry.

8.5 ADDITIONAL INFORMATION

A summary compilation of additional data and references on materials and fabrication

is contained in an informal Technical Note, entitled "Aerospace Structural Materials,

Fabrication Processes_ and Inspection Techniques" prepared by General Electric Com-

pany during this study. A limited number of copies are available upon request through

the NASA Mission Analysis Division.
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APPENDIX A

DESCRIPTION OF THE SSPD COMPUTER PROGRAM

A1 GENERAL

Extensive utilization of computer programs has been effective in providing optimized

structural weights in a short period of time. The overall arrangement of the compu-

tational modules was presented in Volume I and is repeated here for clarity (see Fig-

ure A-l).

The first step in the analysis is to determine the loads which are imposed on the launch

vehicle structure by external forces such as winds, engine thrust loads, and tank pres-

sures. The loads then are analyzed for specified material properties and types of con-

struction to determine the lowest structural weight which is required to prevent all

failure modes considered.

The GASP, LASS-l, and SWOP modules are included under the general heading, Struc-

tural Systems and Program Decisions (SSPD) computer program. The SSPD computer

program, including all equations and typical printouts, is documented in Reference 19.

The SSPD computer program is used for the analysis of isotropic materials only, but

the load intensities (or stress resultants) derived by the program are used as inputs to

the LILAC and SPACE programs to compute optimized structural weights for aniso-

tropic, composite materials. Equations for the LILAC and SPACE computer programs

are documented in Reference 20.

The large size of the computer programs mentioned here precludes an exhaustive de-

scription in this volume of all the features that are available to the user. Rather, the

salient points of each of the computational modules which are pertinent to this study

will be presented, and the reader is referred to the parent documents CReferences 19

and 20) for more detail.

A2 DESCRIPTION OF GASP COMPUTATIONAL MODULE

A2.1 GENERAL DESCRIPTION AND ORGANIZATION

The GASP module is a rigid-body trajectory analysis which operates with three degrees

of freedom (X, Z, and O) as represented in Figure A-2. The vehicle characteristics
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and the environment to which it is exposed are specified as input parameters in tabular

form. The analysis, in general, calculates the rigid body response of an artificially

stabilized space vehicle as it is flown through a synthetic wind profile. Specific input

and output parameters are listed in Table A-1. At any instant, the rigid body model of

the vehicle is characterized by its total mass, pitch moment of inertia, total aerody-

namic force, center of pressure location, and total thrust. At a given altitude, the

environment is described by the local wind velocity and by the properties of the atmos-

phere according to the 1959 ARDC model. A control scheme is introduced to stabilize

the space vehicle utilizing thrust-vector-control (TVC). The equations of motion then

are integrated using a Runge-Kutta technique to determine the position, velocity, and

accelerations of the space vehicle throughout the flight.

Table A-1

GASP Input and Output Summary

A-4

Major Input Parameters

• Overall normal aerodynamic force coefficient

versus Mach number.

• Overall axial aerodynamic force coefficient ver-

sus Mach number.

• Center of pressure location versus Mach number.

• Rigid body polar inertia versus vehicle weight.

• Center of gravity location versus vehicle weight.

• Control system gains versus flight time.

• Wind profile.

• Total initial weight and nominal weight rate.

• Vacuum thrust of engines.

• ARDC atmosphere model.

• Pitch rate profile.

Major Output Parameters

• Engine gimbal angle versus flight time.

• Mach number versus flight time.

• Lateral acceleration versus flight time.

• Angular acceleration versus flight time.

• Angle of attack versus flight time.

• Dynamic pressure versus flight time.
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A2.2 MAJOR EQUATIONS OF GASP MODULE

The equations of motion for the rigid body are given by,

• . (Fax + F x)
X = +m

•- (Faz + F z)
Z = m + gz

•. Tto to

cO = 0 =
p a I

P

where:

oo .. ..

X, Z, 0
a

F and F
ax az

F and F
X Z

gx and gz

Ttot

I
P

m

are the components of the acceleration vector.

are the components of axial drag referred to inertial coordinates.

are the components of the thrust referred to inertial coordinates.

are the components of the acceleration of gravity referred to
inertial coordinates.

is the total moment about the pitch axis.

is the polar moment of inertia about the pitch axis.

is the mass of the vehicle.

A A

The components of aerodynamic force in the _ -

expressions

F d = -C D Sq

A

F 1 = C Z Sq o_rl
O/

coordinate system are given by the

where:

F d

F 1

CD

S

C Z

is the magnitude of the axial force•

is the magnitude of the normal force.

is the axial force coefficient.

is the reference area.

is the gradient of the normal force coefficient.

is the angle of attack.
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q is the dynamic pressure

Aand are unit vectors•

These components of aerodynamic force F d

nates X and Z by the expressions,

= F d • _ + F 1Fax x sin

and F 1 are rotated to the inertial coordi-

xa)xcos

and

Faz = Fd " _z + F1 sin

where:

[Val

1
2

"a)+ Z is the magnitude of the relative wind velocity whose
a • •

components are X a and Za.

are direction cosines.

The moments acting on the vehicle due to the aerodynamic loads are:

A A

T I _ = (-FI)_ x (CP - CG)_

where:

CP

CG

are orthogonal unit vectors.

is the distance from the engine gimbal point to the center of

pressure.

is the distance from the engine gimbal point to the center of gravity.

The other external force acting on the vehicle is the thrust of the engines. The vehicle

has f fixed engines and m gimballed engines, each with a thrust of F i where,

F. = F - PAe
, vac
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where:

F
vac

P

A

e

is the vacuum thrust of the engine•

is the local atmospheric pressure•

is the nozzle throat area.

is the nozzle expansion ratio.

The axial and normal components of thrust are, respectively,

Ft_ = (fF i + mF.zcosfl)

A /%

F t 7? = (mF i sin fl)rl

where fl is the gimbal angle of the movable engines. Referring these components of

thrust to the X-Z coordinate system,

FX = Ft_ " _X + Ft • _X

FZ = Ft_ " 'Z + Ft • _Z

The moment applied to the vehicle due to the thrust loads is,

A A

T t_ = F t rl x (-CG)
7?

A

where T t is the magnitude of the control moment acting in the _ direction.

The total moment acting on the vehicle is, therefore,

I Ttot I _ = (T t + W1)

The engine gimbal angle required for control is,

fl = K 0 qb + K r q5

where K 0 and K r are time varying control gains and q5 and q5 are the errors in rate of

angular displacement and angular displacement, respectively, given by the expressions,

q5 = 0 - 0
a r

q5 = 0 - 0
a r
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where 0 and 0 are the actual instantaneous values of pitch and pitch rate and 0
• a a r

0 are the desired values for pitch and pitch rate.
r

and

The components of gravitational acceleration are given by,

-GmX

gX _ r 3

-GmZ
gz = 3

r

where:

r

G

m

1
2 2 _

(X + Z ) = radius from the origin to the vehicle.

is the universal gravitational constant.

is the instantaneous mass of the vehicle.

The required input variables listed in Table A-1 are entered in tabular form, and

linear interpolation is used to find instantaneous values. The forces then are entered

into the equations of motion, and a Runge-Kutta integration method is used to evaluate

the output parameters throughout the flight•

A3 DESCRIPTION OF LASS-1 COMPUTATIONAL MODULE

A3.1 GENERAL DESCRIPTION AND ORGANIZATION

The LASS-1 module calculates the bending moment distributions and axial force dis-

tributions of the vehicles at each of several specific design points throughout the flight.

There are, of course, an infinite number of instantaneous time points that could be

analyzed throughout the flight of a vehicle, but a relatively small number of points will

serve to describe the worst loading conditions.

considered.

• Prelaunch-- Pressurized

• Prelauneh--Unpre s surized

• Maximum q_ Product

• Maximum Pressure on Tank Bottom Heads

• Maximum Thrust

The following five design points were

The two inflight design points (maximum q_ product and maximum thrust) were selected

on the basis of the results of the rigid-body analysis. The prelaunch design conditions

were also included to insure a complete loads envelope.
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At each design point, the distribution of aerodynamic forces and mass along the vehicle

axis was established. The amount of tabular input data for the LASS-1 program was,

therefore, quite large. TableA-2 lists the major input and output parameters for the

LASS-1 module. The aerodynamic coefficient distributions along the vehicle axis were

entered as input for several arbitrary Mach numbers which span the region of interest

in the analysis. For the analysis at a specific design point, a linear interpolation was

performed to find the aerodynamic coefficient distribution for the particular mach num-

ber of interest.

The mass distribution was determined in a similar manner. Based on a propellant

burn rate and mixture ratio, a relationship between propellant loading and flight time

was established. For a specified flight time, expended propellants were extracted

from the tops of the proper tanks to obtain the mass distribution to be used in the

analysis. The flight times and the Mach numbers associated with the design points

were, of course, those calculated in the rigid-body analysis described earlier.

A3.2 MAJOR EQUATIONS OF LASS-1 MODULE

A3.2.1 Prelaunch Analysis

During prelaunch and while on the launch pad, the vehicle was subjected to a ground

wind profile. The wind loads caused large bending moments to be applied to the base

of the structure (sometimes the critical loading condition) for certain portions of the

vehicle structure.

The local dynamic pressure is,

1 2

qj = _p vj

where:

qj

V.
J

P

is the dynamic pressure at station j.

is the gxound wind velocity at station j.

is the density of the atmosphere at the launch pad.

The local lateral wind force is,

d. = C a.S
J Zco" -j

]
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Table A-2

Major Input andOutput Summary for LASS-1 Module

Major Input Parameters

• Normal force coefficient distributions for several fixed

Mach numbers.

• Ground wind profile.

• Lateral bending stiffness distribution.

• Axial force coefficient distributions for several fixed

Mach numbers.

• Dry weight distribution of vehicle.

• Propellant weight distribution with associated burn

times.

• Total thrust versus time.

• Several time points which are identified as design

points are selected from the GASP outputs with the

associated angle of attacks, Mach numbers, dynamic

pressures, and engine gimbal angles.

Major Output Parameters

Bending moment distribution for each design time.

Axial force distribution for each design time.

where:

d°

J

C
Zco.

J

is the lateral aerodynamic force at station j.

is the aerodynamic coefficient at station j.

is the reference area of the launch vehicle.

Then the shear distribution, Vj,

Vj ]

j=l

is found by the operation,
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The moment distribution, Mw., due to these wind forces is,
1

i

M = Z V. AX.w i j j - 1
j=l

where:

AX. = X. - X.
j -1 j ] -1

and X. is the longitudinal distance from the reference point to station j.J

There were also wind loadings resulting from vortex shedding which would be in addi-

tion to the moment distribution, M . The lateral loads due to vortex shedding were
W.

1

assumed to be maximum at the tip of the vehicle and to attenuate to zero at the base of

the vehicle in a linear fashion. The magnitude of this loading was selected such that

the bending moment at the base of the vehicle due to vortex shedding was half the max-

imum bending moment due to direct wind loads. The vortex shedding bending moment

Mv. was, therefore, found from the equation
1

H b 3 2 2
Mv. = 3 (X i - 3HbX i + 6nb_X i - 3Hb_

] (_- Hb)

- 3_ +
1

where:

H b

is the length of the vehicle

is the station at the base of the vehicle where the bending moment is
re strained.

For the axial force analysis, the weight distribution was determined by considering the

propellant remaining in the tank as a point mass. This point mass acts at the attach-

ment point of the bottom head of the tank to the outer skin.

The resulting weight distribution was designated by the symbol A.

W, of the vehicle was, therefore,

W = _-_Aj

J

The total weight,
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The axial force distribution, 5i, was, therefore, given by the operation,

i

= ZA.6i j

J

A3.2.2 Inflight Analysis

The weight distribution for the lateral analysis was determined by adding the dry

weight distribution and the remaining propellant distribution, station by station. The

resulting weight distribution, w i, is then used to calculate the total weight, W, mass

moment of inertia, Ip, and station of the center of gravity, CG, by the following

equations,

W = _, w i

i

1; 2Ip = _ (CG- Xi) w i

Z X.wi l

i
CG =

W

The lateral aerodynamic force distribution, fi'

fi = S C z c_qi
0_.

1

is given by the equation,

where C is the gradient of the normal aerodynamic force distribution at station i;
Z

OL
1

S is the reference area; _ is the angle of attack; and qi is the local dynamic pressure.

The total normal aerodynamic force, N, is therefore,

N = Z fi

i
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and the location of the center of pressure is,

fi X-1

i
CP =

N

The total aerodynamic overturning moment, Ma, is then,

M = N(CP - CG)
a

The lateral component of the thrust vector is,

Tg = T sin fi

where:

T
g

T

P

is the lateral component of thrust.

is the magnitude of the thrust.

is the engine gimbal angle.

The total control moment, Mc, is given by the expression,

M c = (Co - CG) Tg - _ M + Z (CG - Xi) F
s i s i

i i

where

C
O

M
S.

1

F
S.

1

is the engine gimbal station.

is an externally applied couple at station i.

is an externally applied lateral force at station i.

The lateral rigid-body acceleration, e, is therefore,

E

g i

W
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andthe angular rigid-body acceleration, 9, is,

M
C

=

+ M
a

I
P

The lateral acceleration, a i, at each station along the axis of the vehicle is therefore,

a i = E + _ (X i - CG)

The resultant inertia forces, r i, are therefore,

1
r i = _ _ (aiwi)

The total force distribution, F i, for equilibrium is then found by summing all the

separate force distributions,

F i = r i + f. + (Tg) - F1 i=C o s i

The force distribution is integrated to give the shear distribution, V i,

i

V. = ZF.1 J
J

and the shear distribution is integrated and added to M
S.

1

ment distribution Mi,

to get the total bending mo-

i

Mi = Z (VjAXj) + Msi

J

For the axial force analysis, the weight distribution was determined by considering

the propellant remaining in a tank as a point mass. This point mass acts at the attach-

ment point of the bottom head of the tank to the outer skin. The resulting weight dis-

tribution is designated by the symbol A..
I
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The external forces acting on the vehicle in the axial direction were the thrust and the

drag forces. The axial component of thrust, Ta, is,

T = T cos i_
a

and the drag force distribution, Pi' is,

_i = SCd. qi
1

where:

Cd.
1

is the axial drag coefficient at station i.

The total drag force D is therefore,

D = Ui

i

The axial acceleration, 0, is therefore,

(T a - D) g

W

and the axial force distribution, 6i, is

i

1 Pj g - C
j o

A4 DESCRIPTION OF SWOP COMPUTATIONAL MODULE

A4.1 GENERAL DESCRIPTION AND ORGANIZATION

In the SWOP module, the vehicles are described as a collection of thin shells of revolu-

tion. The geometry of the shells can be either conical, cylindrical, elliptical, or

spherical. Other important input parameters are the tank propellant loadings, tank

pressure profiles, and the bending moment and axial force distributions for each de-

sign condition. The latter is read in directly from the tape written by the LASS-1

module. It is also required to specify the factors of safety to be used in the analyses

as well as the materials and types of construction.
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Presently, the SWOPmodulehas the capability of analyzing any of the eight types of

construction which are in Figure A-3. Each type of construction is subject to certain

practical constraints which are summarized in Table A-3. For convenience, certain

of these constraints are stored within the computer program, but the values of these

constraints may be changed if the need arises. Other constraints must be supplied as

input for each run. Table A-3 also lists a fabrication factor for each type of construc-

tion. The fabrication factor is used to increase the idealized structural weight to ac-

count for noncalculable items. These factors have been estimated from experience on

various structural designs and may be updated as applicable data becomes available.

Properties of several common materials are also stored within the computer for easy

access. Those materials listed below are specified in any computer run by giving the

identification number of the material.

1. Aluminum 7075-T6
2. Aluminum 2024-T4
3. Aluminum 2014-T6
4. Aluminum 2219-T87

5. Magnesium HK 31A-H24
6. Beryllium Y5804, QMV-5
7. Stainless Steel 15-7

8. Steel AISI 4340 Alloy
9. Titanium 6AL-4V

Other materials can be used by the program by entering the necessary data as input in

tabular form. The parameters which are necessary to define a material completely

are illustrated by the typical example of Table A-4. The material properties are tab-

ulated as a function of temperature, and a linear interpolation routine is used to find

the properties at the temperature of each particular station of the vehicle. The ma-

terial properties a and a are used to describe the shape of the stress-strain curve
0 0.85

in the Ramberg-Osgood relationship. The definitions of these two variables are under-

stood by examining the typical stress-strain curve of Figure A-4.

The organization of the SWOP module is represented in Figure A-5. An executive

control program is used to process input and output as well as controlling the separate

elements of the module. In the normal operation of SWOP, the stress element is the

first to be used. In stress, all the loads on the vehicle including bending moments,

axial forces, and tank pressures are resolved into orthogonal stress resultants in the

plane of the shells. All loads are considered to be axisymmetric where the equivalent

axial force Feq due to the bending moment is given by,

2M
F -

eq r
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Figure A-3. Types of Construction Considered in SWOP
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Table A-3

Material Parameters for Various Types of Construction

Type
Construction Parameter

Aluminum Magnesium

Monocoque
.020 .032

Honeycomb
Sandwich

Skin Thickness

- Minimum

Face Thickness
- Minimum

Core Thickness

- Minimum
- Maximum

Core Density (Modulus)
- Minimum

- Maximum
Cell Diameter

- Minimum

Waffle - Rib Spacing

45 ° and 90° - Minimum

Rib Thickness

- Minimum

Skin Thickness

- Minimum

Over-All Thickness

- Minimum

- Maximum

Rib Spacing

- Maximum

Corrugation Skin Thickness
- Minimum

Corrugation Thickness
- Minimum

Depth
- Minimum

- Maximum

Ring Thickness
- Minimum

Semi- Skin Thickness

Monocoque - Minimum

Ring Spacing
- Minimum, Maximum

Stringer Spacing

- Minimum, Maximum _._
Ring/Stringer Height

Integral

Ring and

Stringer

All

Construction

•012

.125

.080

•080

•020

.020

•020

.020

- Minimum

- Maximum

Ring/Stringer Thickness
- Minimum

Skin Thickness

- Minimum

Ring Thickness
- Minimum

Stringer Thickness

- Minimum

Ring/Stringer Height
- Minimum

- Maximum

Sheet Length
- Maximum

•016

• 125

Limiting Value (inches)

Fiber-

Steel glass

,020

,005

125

Input

Input

Input

Input

-> Cutting Head

.080 .080

•080 .080

Input

Input

Titanium

.020

.005

1.25

Diameter

.080

.080

15 x Overall Height

.032 .020 •020

• 032 .020 .020

Input

Input

.020 .020•032

•032

.080 .080

.080 .080

.080 .080

.020 .020

Input

Input

Input
Input

Input

.080 .080

.080 .080

•080 .080

•Input

Input

Input

.020

• 030

• 125

+ Rib

Fabrication

Factor

Beryllium

• 020 1.05

.012 1•25

• 125

Thickness

• 080

• 080

v

1.20

.020 •020 1.20

.020 .020

.020

•020

• 020

.020 1.20

.080 1.20

.080

.060

v

v

A-18



Volume 2

I
t_

o

O

@

o

o
o_

o

0

°F,-I

%

N

0 0 0 _ 0 0 0 0
c'O O'J ¢_J c'O 0"_ 0"0 ¢0

0 _

_- _o ° ° ° ° ° ° °
0 0

A-19



Volume 2

(7

o

Cr

o .85 /
/

Figure A-4.
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o

Material Stress-Strain Curve

v

where M is the local bending moment and r is the local radius. The analysis of stress

calculates the stress resultants at every design point and at every discrete point along

the vehicle axis. The output of the stress element, therefore, provides a time history

of all the combined loads at each station of the vehicle.

The loads history is then used as input to any of the eight elements of the SWOP module

corresponding to different types of wall construction. The material properties are ob-

tained from the stored tables described earlier where a linear interpolation is used to

find the appropriate properties at the temperature specified for each discrete station.

Subject to the constraints imposed, the dimensions of each type of wall construction

are optimized so that the structure can sustain the loads which are imposed on it.

For each type of construction analyzed, the optimum configuration is selected such

that it is the lightest structure that will satisfy a strength criterion and one or more

stability criteria for the worst loading conditions. Once the dimensions of the wall
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construction {stringer height, ring spacing, etc.) have been established, the weight of

the structure is easily computed.

A4.2 MAJOR EQUATIONS OF SWOP MODULE

A4.2.1 Stress Element Equations

The stress resultants for the meridional and circumferential directions of a general

conical section are given by the equations shown in Figure A-6.

Nx - 6r_/cos _b{2_3 - 3rY2 + r s}

pyd if2_ r2) + Pr
+ 2r sin _b 2 sin

F M
+ _+

27rr sin _ 2
lrr sin

r

NO = sin _ (flyd + P)

r

where:

fl = Acceleration in g's.

P = Ullage pressure.

F = Axial force.

M = Bending moment.

Figure A-6. Stress Resultant Expressions

These equations are valid for all conical shells. For shell segments above a propel-

lant level, one must set the propellant density, 1/, to zero.

It is more difficult to express a general set of equations for an elliptical head since the

form of the equations depends upon the orientation. Consider first of all an elliptical

head that is a lower dome of a separate bulkhead tank as shown in Figure A-7.
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d=y
ell 1

Figure A-7. Elliptical Lower Dome Head of Bulkhead Tank

For the shell below the liquid level, the stress resultants are given by,

Nx = P-'-_R + flTR { d+2 2

S

2

R sin _Ik_l + cot2_3 k 2 _/

S

k2 cot _ k 4 cot s _b

flTR 2 + R sin @ 1 + c°t2 _ _ _ 2

- 2R s [ 3 cot _b cot s

For the portion of the shell above the liquid level, the stress resultants become,

N _ PR + W(_bl)

x 2 2_R sin 2

W(¢ 1)

2_R sin 2 q5
S

where :

w(¢ 1)
flTTrRS sins _bl c°ta ¢1 2

3 + ? - k-_ c°t _bl 2]k 4 cots _bI
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The equations for an upper dome are somewhat different. The stress resultants for

the shell shown in Figure A-8 are,

i
p-_'_.. Shell 1

Figure A-8. Elliptical Upper Dome Head of Bulkhead Tank

For the portion of the shell below the liquid level,

V
PR u

N = -- +
x 2 sin q_

:eC )NO _ R + fl?R _ R cos _ - Yull R sin
S

where:

V = P ?k2
u Rsin¢ 2 ul! - _cos _ - Yull

+ 3 ull - k2 cos

+ bYul 1 LYull - k2 cos

The equations for the stress resultants of the portion of the shell above the liquid level

are the same as those given above, with y set equal to zero.

After the Nx's and N 0's are calculated, the largest negative value of Nx

each station of the vehicle to be used in the stability analyses to follow.

is selected for

The values of

A-24



Volume 2

Nx and NO are combined according to the von Mises-Hencky theory to find an equivalent

uniaxial stress resultant, N o, at each station where,

1
2 2 _

NO = (N x - NxN0 + NO )

The maximum value of N for each vehicle station is also selected to be used in the
o

strength analyses to follow.

A4.2.2 Buckling of Monocoque Cylinders

The lowest critical buckling load for circular cones under axial compression has been

determined in Reference 22 as,

2Et2_ cos 2
1a =

2 -1
3(1 -

It is well known that a considerable discrepancy exists between experimental and theo-

retical buckling loads of thin shells, particularly when calculations are based upon small

deflection theory. In practice, this discrepancy is usually handled by multiplying the

classical load by an experimental correction factor, C, using equations of the form,

P = 2_rCEt2cos2a
cr

(3
cr r

CEt cos a

The buckling correction factor can be approximated by,

C : 9 (teRa_°'e

Substituting the required thickness for buckling into the allowable buckling stress

equation,

tbuckling

0°385

Lackman and Penzien (Reference 22) have presented an experimentally determined

curve for the correction coefficient for cones and cylinders as shown in Figure A-9.
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The equations for P and _ discussed previously are applicable to conesand reduce
cr cr

to the equations generally used for cylinders when the semivertex angle, _, equals zero.

A4.2.3 Buckling of Orthotropic Cylinders

The buckling criteria for orthotropic shells is slightly different from those for mono-

coque cylinders.

In the selection of orthotropic buckling criteria, the following requirements have to be

fulfilled:

a.

Do

Generalized formulae that would be applicable for the various types of ortho-

tropic structures being considered.

Selection of a theory that is substantiated with test data.

Based on these requirements, a generalized form of the Becker (Reference 23) equa-

tion is used, as follows,

P
cr

!

where:

j_2

Po

1

+(p2+ 7= Po 0

__ AS____s IAR2DI________I- AIID2________2

A2 e _AllD22 2AssDss ]

and

Qo

All

A2 2

Ass

D_

is the extensional stiffnessin longitudinaldirection (ib/inch).

is the extensional stiffnessin hoop direction (Ib/inch).

is the shear stiffness(Ib/inch).

is the flexural stiffnessin longitudinaldirection (inch-lb/radian).
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D22

P
cr

is the flexural stiffness in hoop direction (inch-lb/radian).

is the torsional stiffness (inch-lb/radian).

is the critical buckling load (pounds).

By defining the stiffness parameters, the equation is adaptable for any type of ortho-

tropic cylinder. In fact, by substituting the correct stiffness parameters for an iso-

tropic cylinder, the equation reduces to the classical buckling solution for isotropic

cylinders with the exception of Poisson's ratio, which has been assumed equal to zero.

However, since we are dealing with the square of a very small number (Poisson's

ratio}, the difference is very slight.

In order to substantiate the theory, a literature survey was conducted to locate test

data for axially loaded orthotropic cylinders. The theoretical buckling loads were cal-

culated based on the generalized Becker equation and compared with the test results.

The results of the study are shown on Figure A-10. As can be expected from past ex-

perience with the buckling of isotropic cylinders, the data shows considerable scatter.

It can be concluded that a correction factor is required for each type of construction

considered, as has been the case for isotropic cylinders.

A4.2.4 Major Equations for Optimization of Types of Construction

The description of the equations used in the optimization of structural weight for the

eight different types of construction illustrated in Figure A-3 are documented in de-

tail in Reference 19. An attempt to present those equations in condensed form has

been unsuccessful, and repetition of the bulk of Reference 19 does not seem warranted

in this document. Suffice it to say that all the methods of analysis represent what is

considered to be the current state of the art and are in general usage throughout the

aerospace industry. Each type of construction is required to satisfy a strength crite-

rion based on the von Mises-Hencky criteria, and a general instability criterion.

Where appropriate, local instability requirements must also be satisfied depending

upon the type of construction.
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APPENDIX B

LILAC AND SPACECOMPUTERPROGRAM

B1 GENERAL DESCRIPTION AND ORGANIZATION

The SPACE and LILAC modules calculate optimum structural weights of anisotropic

materials for the loads envelope generated by the SWOP module. The treatment of

fibrous composites for this application is greatly enhanced by the LILAC computer

program. This program accepts as input the mechanical and geometrical properties

of the constituents of a fibrous laminate. From this, the elastic constants of a single

layer (a uniaxial composite) of the laminate are computed by the rigorous methods of

Reference 24. These are utilized to compute the effective laminate properties and the

stresses in each of the layers with respect to any Cartesian reference frame.

The emphasis in the SPACE program is upon the behavior of structural elements;

whereas, the LILAC program is concerned with material response. The stiffness

properties of heterogeneous configurations are computed for any type of composite or

isotropic materials. These are then used in an appropriate anisotropic stability anal-

ysis (e. g., Reference 25) which along with the strength criteria is used to define the

optimum structural configurations.

The method outDned on the following pages for the analysis of composite materials was

developed at General Electric's Space Sciences Laboratory. The derivation of the

equations presented can be found in greater detail in References 20, 24, 25, and 26.

The properties of a lamina are derived in Reference 24. In Reference 20 the proper-

ties of a laminate assembly are developed. The efficiency study of a composite cyl-

inder is presented in greater detail in References 25 and 26.

For the tank heads, a pressure vessel netting analysis was used. Since the loads are

such that the principal stresses are in tension, the fibers will be assumed to be aligned

in these two directions, zero degrees and ninety degrees to the vertical.

B2 MAJOR EQUATIONS AND METHOD OF ANALYSIS

The stress-strain law for a particular lamina can be written as,

or. = C.. _ • i, j = i, 2, 3
1 D J'
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where repeated indices indicate summation. For the orthotropic lamina of a filament

woundmaterial, these properties canbe written as,

C

ll 1

E
1

- U
21 12

C

22 1

E
2

- U
21 12

C -- C =12 2z 1

v E
21 2

- _ I_
12 21

C = 2G
33 12

where:

E I

E2

G12

VI2

= Young's modulus in fiber direction.

= Young's modulus normal to fiber direction.

= Shear modulus in fiber plane.

= Ratio of strain in the fiber direction to strain normal to fiber direction

for a stress applied normal to the fiber direction.

The values for these constants can be bounded through the use of the minimum potential

and complementary energy theorems. For a random array consisting of various sized

concentric circles of binder and fiber with a constant volume ratio vf/v b of fiber to

binder and completely filling the space, these bounds coincide for all but E 2 for which

the upper bound is used.

These constants can be expressed in terms of the laminate axes by using the following

coordinate transformation,

ft. = T.._.
, ij ]

= Ti_'-6i j J
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where:

W..

lj

cos20 sin20 2 sin0 cos0

sine0 cos20 -2sin0 cos0

-sin0 cos0 sin0 cos0 cos20 - sin20
N

and where the bar indicates quantities referenced to the laminate axes.

C.. = L. C T .
1j lm mn nj

Thus,

where:

Lim = (Tim)-l

For a laminate consisting of a large number n of symmetric laminae, the bending and

extensional stresses are uncoupled. Neglecting transverse shear, the strains in all

layers will be the same. Thus, the average stress 7. will be,
1

n

_ = _ Ci k_Ti j j Tk
k=l

or:

_-. = A.._.
1 U J

where _. is the fraction of total thickness in the kth layer and,
1

n

Xij = _, _ij k _'k

k>l

This stress-strain law for the laminate can also be written as,

_. = B.._.
J 1j 1
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The elastic constantsof the laminate canbe defined as,

1
EL -

B
11

1
E T -

B
22

1
GLT -

B
_3

B
12

VTL - B
Ii

B
Z2

VLT -
B

22

The stress components within the kth layer and referenced to axes making an angle fl

with respect to the longitudinal and transverse axes are given by,

k (_jl k_i = Tij _1)

where T.. is now defined in terms of the angle fl instead of 0.
D

The structural efficiency analysis used involves the determination of generalized

weights of structural shell required to carry given axial loading intensities. The ap-

propriate parameters for this generalization have been found to be weight per unit sur-

face area divided by shell radius (W/R), as a function of axial load per unit length of

circumference divided by shell radius (Nx/R) . Evaluations of the minimum-weight

configuration in each case required the application of the appropriate shell failure

criteria, which were taken here as either elastic buckling or compressive yielding

or fracture. The elastic buckling criterion is based on the small-deflection ortho-

tropic shell stability results of Reference 25, wherein it is shown that the buckling
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mode is governedby a parameter, _, where • = T

and the shear stiffness ratio T is given by

i/2
or 1, whichever is smaller,

T

2GLT I 1 + (VLTPTL)ll

1

(ELET)_

where GLT is the shear modulus in plane of shell, E L and E T are the longitudinal

(axial) and transverse (circumferential) stretching moduli of shell, and _LT and VTL

are the Poisson's ratios. If T > I, the buckling mode is symmetric (bellows-type de-

formation) and the buckling stress a is given bycr

O"

cr

where

1

- [ ELETl(1-
and E is the effective stiffness, t is the shell thickness, R is the shell radius, and k is

the empirical factor to account for initial imperfections in shell, i.e., k -< I. (Herein

k is taken from Reference 38). If T < i, the buckling mode is asymmetric (checker-

board type deformations) and

($
cr

1
1

The structural efficiency equation employing this expression for elastic buckling is

1

R ½ E@ g

where, as before, • is T I/2 or i, whichever is the smaller, and N
x

divided by shell circumference.

is the axial load
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The aboveprocedure is applicable only to simple monocoqueshells, but illustrates the

methods usedthroughout this study. Details of the application of these methods to

sandwichshells are presented in Reference 25. Use of these methods requires the

definition of a maximum allowable average stress for a given laminate. The proce-

dure utilized herein is that of Reference 39 described below.

Whena laminate is subjected to a known set of stress resultants, the average stresses

in any lamina can be computedby the LILAC program. With a strength criterion de-

fined for a single lamina, it is possible to construct an approximation to the laminate

stress-strain curve. The strength criterion utilized for the individual lamina is a
maximum stress criterion basedon extensional strengths in the longitudinal and trans-

verse directions and/or in-plane shear stress with respect to the principal elastic

axes. These strengths are basedon. experimental data for the longitudinal tensile

stress; on the methodsof Reference 36 for the longitudinal compressive strength; and
on those of Reference40 for in-plane shear and transverse direct stress. Whenever a

stress componentin the fiber direction equal to the assumedstrength for that layer is
attained, immediate laminate failure is postulated. Whenthe transverse direction

stress or in-plane shear stress reaches the maximum allowable value, it is postulated

that that stress componentremains constant and that the transverse Young's (E2} and

in-plane shear (G12}moduli drop to zero. This procedure yields a piecewise linear
stress-strain curve leading finally to a horizontal slope or ultimate stress condition.

The present approach is therefore to evaluate the initial maximum lamina stress con-

dition and define that load as the laminate material yield stress. Then a "netting"

analysis is performed to determine the lowest load which yields a lamina failure in the

fiber direction. The average stress at this load is defined as the laminate material

ultimate stress. This simplified procedure bypasses the need for analytic determina-

tion of the entire stress-strain curve. Rather, the initial departure from elastic be-

havior is evaluated and the maximum stress is conservatively estimated. Hence, the

procedure is suitable for parametric studies such as the present one.

For shell designs, the yield and ultimate stresses for a given laminate are determined

as above. This design criterion can be represented by an interaction curve. Example

curves for the three materials being considered are shown in Figure B-1. These

curves are constructed by selecting a skin thickness which will resist 1.1 times an

arbitrary load {a combination of axial and transverse loads} at yield and 1.4 times

this load at ultimate. The load components divided by this required thickness are then

plotted as shown. To use this chart, a line is constructed with a slope equal to the
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ratio of the given load components. The required thickness can then be computed from

either Nx/t or Ny/t corresponding to the intersection of this line and the interaction

curve.

The monocoque shell is sized so that it will have at least this required thickness and

will not buckle elastically at 1.4 times the axial component of the limit load.

For a sandwich shell the face sheet thickness associated with an elastic stability design

for 1.4 x limit load and with an optimized core thickness is determined. If this is less

than one-half the required monocoque thickness for the strength criteria (yield or ulti-

mate) then the latter is used and the core thickness is that required for stability at 1.4

times limit load. In this latter computation elastic stiffnesses have been used for sim-

plicity. In actuality when ultimate stress governs the face sheet thickness, a reduced

modulus would be appropriate. Neglect of this reduces the buckling margin to an un-

assessed value between ten and forty percent.
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APPENDIX C

WEIGHT/LOAD MATRICES,

The Weight/Loads Matrices were developed as a convenient tool to evaluate the struc-

tural weights for the many variations of vehicle parameters considered in this study.

They were used in conjunction with the Loads Summary Charts as explained in Section 4.

It was observed in examining the matrices that some of the types of construction were

sensitive to variations in Nx, but were insensitive to variations in N o over the range

of loads considered This was especially true for the very inefficient types of con-

struction such as monocoque. The weight of the most efficient type of construction,

honeycomb sandwich, on the other hand was sensitive to changes in both N and N .
X O

The reason for these differences became apparent when the mechanics of the various

failure modes were considered. The greater the magnitude of Nx, the more likely

was the occurrence of an instability failure. Buckling failures were prevented by in-

creasing the bending stiffness of the walls. The bending stiffness was improved either

by an increase of the elastic modulus, or the use of a more efficient type of construc-

tion. For a given material, the bending stiffness of armnocoque wall was increased

only by making the walls thicker. Since the elastic modulus of most materials is low

enough, the thickness required to prevent a buckling failure was more than sufficient

to withstand any strength failures.

The bending stiffness of a honeycomb sandwich, on the other hand, was improved by

increasing the distance between the face sheets, (i. e., increasing the depth of the

core). Hence as N increased the core depth increased, however since a low density
x

core material is used, the total weight was changed only by the slight increase in core

weight. As N increases, however, the structural weight was much more sensitive.
o

This was due to the increase in thickness of the much higher density face sheets which

were directly proportional to changes in strength loading, N o .

The same reasoning can be applied to the other types of construction which fall be-

tween these two extremes. It was observed that when materials with a much higher

modulus-to-density ratio (such as beryllium) were used, the gap that existed between

the weights of monocoque and honeycomb sandwich was reduced. This was true be-

cause the inherent stiffness of the beryllium allows one to approach the ideal state of

having a monocoque buckling thickness which is no greater than the thickness required

to withstand the strength loads.
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LOX Tank Top Head

N x _ N O -

-_x b_om _'- Nora 7

HYC

ISS

• 7 MOH
OFC

SFC

HYC
_8

.8 MON

OFC

SFC

IVfC

.9 MON

OFC

SFC

_c
1.0 MON

OFC
SFC

HYC

m

1.1 lION
OFt

8FC

Material: Titanium

N Sommal: ....
x

N O Nomm_: 4,695 the/in.

.8 9 1.0 I.I

4.668 5,309 5,960 6,611 7,262

3t828 4.376 4t921 5.468 6.015

101 Vehicle Coetlgur talon

sectio_ Number 9

laterstqe (1905" - 2075")

Nx t N ° -

It_C s a4_

.7 MON 68.O38

OFC 21,685

SFC 231O92
HYC

•8 MON

OFC

SFC

InfC

• 9 MON
OFC

SFC

ItPI'C

1.0 MON

OFC

8FC

IFYC

1.1 _N

OFC
SFC

32,111

71,628

23r182

24r873

Material: Titani_

N Nominal: -9.818 Ibs/|n.x

N o Nominal: 9.818 Ibs/ia.

.9 1.0 1.1

10,867

34r926

24,589

28 125

11,861
37,246

7_.Q63

25919

29512

12,860

40095

S0,ST0

271194
30,969

101 Vehicle Configurati_

Sectt_ Number 11

lntertardc (2795" - 3162,6-)

N x ,_ H -o
N'- Nora _- Nora .7

x o

HYC 9.649

l_O 37,365
•7 N q_ tiff7

OFC 32 _

SFC 30 ITl
HYC
L_S

8 MON

OFC

SFC

HYC

,9 MON

OFC
SFC

l.O MON

OFC

$FC

HYC

mS

1.1 MON
OFC

$FC

lo 61o
39.274

loo,6os

35,278

32,290

Material: Titani_

N Nominal: -4.484 l[*s/m
x

N o Nominal: 4.484 lbs/m.

9 lo ii

42,o_9

io5,276

27,41_

34,239

z2,525

_ 442

_ 125

13 4_2

46 446

113.722

41,367

37_58

10l Vehicle Co_il_r ation

Secti_ Number 8

Stage 1 Forward Skirt (1627" - 1905")

Nx _ N o

_'- Nora W- Nora 7
o

7 MON 110 252

OFC 43 368

SFC 37.374

HYC

8 MON

OFC

SFC

HYC

ISS

,9 MON
OFC

SFC

HYC

I.O MON

OFC

$FC

h'YC

1.1 mON

OFC
SFC

Material: Titani_

N Nominal: -9.277 lbs/in.
x

N Nominal: 9.277 lbs/in
o

IS e_

50,379

116,066

_,3M

351687

,8 .9 1.0 I_

l? 2as

54.921

121 459

49,127

49 499

16874

28.5O4

126,481

61,859

48.0O4

20 _ss

63,022

131,206

54,39O

50,009

101 vehicle Co_fLl_ratl_

Secu_ Number 10

Stage 2 Lower Skirt {2075" - 2795")

N x _ No -

In'C 33 926

I_ 107 757

7 NON 261.627

OFC 105,964

SFC 86,6O7
I'PZC

. MON
OFC

SFC

• 9 MOH
OFC

SFC

1. O MON

OFt

$FC

1. I _N

OFC
SFC

Material: Titmai_

N x Nominal: -9.651 Ibe/in.

N O Nominal: 9.651 Ibe/ m.

_7,##7

118,702

264r901
I13.281

99 257

.6 .9 1.0 l.l

41 7_
127 332

277 190

lOS 38_

46 69_

13S OSl

288.665

126,652

111,19_

49.570

149,613

299,454

132_833
115,567

10l Vehicle Cot_lgur.ti_

SecU_ Number 12

LH2 T_k Bottom Head

N x * N o _

Ir_C

7 MON

OFC

SFC

HYC

6 MON

OFC

SFC

9 MON
OF("

SFC

HYC

1,0 MON

OFC

SFC

I'nCC

OFt"

SFC

Material : Titani_

N x Nominal: ....

No Nominal: 9,144 Iba/ in

.8 9 1.0 I.I

_65 7.62a s 671 _ Sl_ IO 46'_

5,544 6,336 7,128 7,921 8,713

|

/
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Volume 2

Weight/Load Matrices - 101 Vehicle

1ol VeM©lS Co_lu_

_ti_ Numbsr 13

LH_ T_k CyllndOr 43162 6" - 3439.4")

N x * No -
_ _m _ Nora .7

x o

_ MON a_ s?3

OFC

SFC

HYC ii 7_2

.S _N _ S60

OFC

SFC

C 8 7a!15.288

.9 MON 37.314
OFC
SVC

It_C S. e40

|.0 MON _ s_

OFC
SFC

_C s sKsis _4m

OFC

STC

Matlrtal : Tit_ml_

N Nomlmd : - 6a4 Iba/In.

N Nominal: 12.B39 tbm/m.

_s .9 1.0 1.1

9.845 i I. OO6 12. ] 85 ! 3. 362

15.22e 15,226 15,226 19,226

33.e73 33.873 33.973 33.$73

15.257 15.257 15.257 15.257

_5 660 35.660 35.960 _,S$O

lc cls [ ii zsA 12 sll zs 4_

]_ s4s [ Is _49 z_ _49 15 _40

_0 _11 | _C Zll 4O _Zl 40.311

I

IQI Voh/cle Couft_rsUon

_Uo_ Number 16

St_le 2 FoNard _tirt (_439 4" - MI0")

N z _ N O

_C

.7 MON

OFC

_FC

HYC

.9 MON

OFC
SFC

_c
9 MO N

orc

SFC

HTC

m

1.0 _ON
OrC

S_C

|. I _ON
OrC
STC

9.247

12,91|

3_,797

10.764
11 017

M_rlsJ ; T_tam_

N x Nominal: -2.762 lbs/i_.

NO Nominal: 2.762 Ib|/In.

.B 9 |.0 1.1

J

_8,798

11,9o7

|1,7_7
9.917

19,249

40,G_5

12,909

12,464
4._0

19,951

49,913

IZ,_S6
11 ISO

Is ?s_

49 7_1

]9,904

1-- -- "1"- -..

I ""
I
I
I
I .-

t

/

I01 Vehicle C cq_/i_r ati_

hetiem lq_mbmr 14

LHa T_k Top Head

N x * No -

_x Nora _'o Nora .7

HYC
m

.7 MON

OFC

8FC

HYC

m_
.S MON

OFC

8FC

.9 MON
OFC

SFC

1.0 MON

OrC
SFC

I. I MON
OFC

SFC

Mmrlal : Titaulm

N Nomln_l : ....

No _omt_l: 7,398 Ib*/In.

,6 .9 1.0 t.l

6,739 6.944_ 7.534 S 161 8 269

4?74,9 5r427 9:10_ 6,7_4 7,499

101 Vehicl* Confilp_rsti_

secUo_ Numb*r 16

Inet_w_nt Unit (3610" - 3730"}

N x _ N o -

m a a22

.7 _N 24 el9

OrC 14.6_
src 7 ._

_c
.s _N

OTC
SrC

_c
.9 _N

OFC
SFC

1.0 _N
OTC

_c
1.1 lION

OrC

STC

Material : T l_J_ql_

N z Nominal: -2,418 ibs/In

N O Nomlaal: 9.418 Ibz/In.

.e 9 |o

2 9_o

p,#09

15,414
?,f?3

a_c

9 _9

2 S19

11.057

99,991

C-4



Weight/Load Matrices - 101 Vehicle

Volume 2

i

I
I
I

I
I

1Ol Vehicle CoufllP_aUon

Section Number 1

That T_mJt (856. C_' - 643.0")

N x _ N o _

OFC 46 519

SFC 9.6O4

IIYC

.8 _N

OFC

SFC

_c
• 3 _N

OFt

SFC

I.nfC
ms

1.0 MON

OFC
SFC

lib

1. ! _N
OFt

SFC

_28

11 321

28.227

43,731

9,594

Materlhi: Beryllim_

N x Notating: -12.005 lb|/_.

N O Nominal: 12,005 lbs/_.

.3 1.0 1.1

11.038

11,3O9

29,537

531743

I,fdi
12.169

12,322

301739
55 601

lo 08?

13,371

13,036

31,909
58,314

10.501

I01 Vehicle C o_i_wati_

Number 3

RP-I Tznk Top Head

N x _ N o _

1P/C

.7 lION

OFC

SFC

•3 MON
OFC

SFC

_c
• 3 MON

OFC

SFC

_c
1.0 MON

OFC

SFC

_c
1.1 _N

OFC
8FC

M_al: Berylll_
N Nominal: ....

x

N ° Nomlaal: 4,462 lbl/tn.

.e 9 1.0 1.1

3.798 4,326 4,8_55 5,384 3,913

3.11Q _ 554 3.993 4 442 4.887

IOI Vehicle Colflsurau_

Secuo_ Number 3 " '
LOX T_k Bottom Held

N x _ N o _

ItYC

• 7 _N
OFC

SFC

tn_C

.8 _N
OFC

SFC

_c
• 9 MON

OFC

SFC

I_C 8,O66

1.0 MON _ aa_
OFC

SFC

_c
1.1 31ON

OFC

SFC

Material : Beryllitan
N Nomlm_ : ....

x

N o Nominal: 8,2_ lbs/la.

.8 .9 1.0 1.1

9,2O3 10,340 11,477 12,614

I
I
I
I
I

t
/

ioi Vehicle Coldlguration

Sectio_ Number 2

RP-I Tank Bottom Head

Nx _ No _

x o

7 _N

OFt
8FC

8 MON

OFC
SFC

ItYC

.9 MON
OFC
SFC

tnfC

1.0 MON

OFC
SFC

_c
1.1 MON

OFC
SFC

Material: Berylll_
S Nomin_d : ....

x

No Nominal: 5.6O? lbe/in.

5.109 5 824 fl $40 ? 255 7 971

4,207 4,807 51408 610O9 6,610

ioi Vehicle C o._lll_r |tlon

8mcu_ N_ber 4

Int_rtank (856.0" - 1477.0")

N _ N -
__x o

Nx _m _ l_m .7

It_C 24 _123

7 _ON 76 714

OFC 174.433

SFC 26,533
In_C

_S

.8 MON
OFC

3FC

L_

.9 MON
OFC

SFC

In_C

1.0 MON
OFC

SFC

_c
1.1 _N

OFC
SFC

Material : Beryllium

N x Nomlmd: -ii,407 Ibs/i_.

No Nomlaal: ii,407 Ibs/tn.

27 845

31,778

80,761

186_531

2er663

.8 9 1.0 1.1

• n 7nn

33 469

_._07

197.846
27.O59

33 798
35.629

8_,Oq_

2O9,543

37.717

91.295

218,727

29,932

IOi VehicLe Co_i_lrltion

Sectto_ N_ber 6

LOX Tank Cylinder (1477.0" - 1627.8")

N _ N
• o

_'- Nora _o Nora 7 .8

h'_C 4 936 5 571

_S_ 8 791 8.791

7 MON 14¸877 14.877

OFC
SFC

HYC 5 013 3.622

ISS 8,84O 8,84O

.3 MON 15,662 151862
OFC
SFC

HYC s 1_3 s _1

L_ 8.888 8.888

.3 MON 16.389 1_ 389
OFC
SFC

H_C 5 279 s 7es

IS_ 8.937 8.337

1.0 MON 17,067 17,067
OFC

SFC

HYC 5,49_ 5.915

_,988 3,983

1.1 MON 17,705 17,705
OFC

$FC

Material: _erylll_

N x Nominal: -6.467 lbs/ln.

N o Nomlnal: 11.809 lbs/in.

9 10 1.1

6 223 6.883 7 847

8 791 8 791 3.791

14.877 1_. 377 14. 877

6 26O 6.912 7 871

8,_40 8,840 8,84O
18,662 15,662 13,662

_n_ 6 94a ? _nl

8 86_ 0.O93 8 8e_

1_.3e9 16.389 16 389

a _72 s 998 7 63_

_.937 _.337 8.937

17,067 17,067 17,067

6 457 7.O55 7 683

8,985 s,985 3,983
17,705 17,705 17,703
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Volume 2

Weight/Load Matrices - 101 Vehicle

1o! Vehicle Co_fllNrltJ on

8eeU_ Number 7

LOX T_W ToP Head

N x _ N o _
7

H¥¢

OFt

SFC

HY("

_8

S MON
OFC

SFC

mfC

• 9 MON
OFC

$FC

_c
1.0 MON

OFC
SFC

_c
1.1 _N

ore

SFC

Materild : Berylll_ Married: Berylll_

N x Uomtrml: .... 101 VeMcLe Coafl9uratl_ N Nomtrml: -9.2?? tba/t..
bet_e Nmber 8 •

N _:omtnsl: 9,27? lbs/tn.
N ° Nomtnsl: 4.850 Ibl/tn. StAge I Forward Skirt o

N x _ N

.8 ._ 1.0 t.l _- N,om _ _om "7 .8
x o

4.303 4.9O4 5.5O4 6 I04 6.705

_,530 t.0S4 4 S39 5 043 _ S47

HYC t 2_

ims it 84o
7 MON al S02

OFC 43.091

$FC p.071P

HYC

m
s MON

OFC

SFC

_c
.9 MON

OFC

SFC

1.0 MON
OFC
SleC

_c
1.1 MON

OFC
SFC

lc 923

12.6e6

_,_

46,035
101302

9 1.0 t I

12
94 9o0

48 827

10 938

l_ _c4

t4 t_
_. 345

at .ta

II _IA

13.909

37,_04
5a 980

12 091

lol Vehicle Cc_fqlxtr tt J _

_Uo_ Number 9

Inmrst_e (1905" - 2079")

N x _ No _

"_x _m N"o Nora • 7

I'P?C s n07
m 7 411l

? MON 19.591

OFC 19,401

_FC 4.O97

ItYC

8 MON

OFC
9FC

:nfC

•0 MON

OFt"
9FC

IFCC

1.0 MON
OFC

SFC

_c
1.1 _N

OFC

SFC

Material: Beryillm Material: Beryllium

N Nom|ul: -_,ele Ibs/m. 101 Vehicle Co_f_ur*U_ N Nomtmd: -_,691 lbs/m.
_U_ Number 10 x

N o Notated: _,8X8 Ib_/tn. Sta_ 2 Lower 8klr_ (2O75" - 2795") No _mm_d: 9,951 Iba/tn.

N * N° -
.# _ 1.0 |.1 ]_ Nora _-- b_om .7 .8 .I 1.0

• o

_ _rYC 22 _S
mS 29.639

OFC 10,977

s_c 23,_0

6.491 HYC 2p,025

_,492 M_N 29,72e
20,5_3 .S 79 122

201741 OFC 114.1_

_,30_ SFC 23 904
t_t HTC 2_ _3_

2_0 mm 31.891

21 sa8 .| MON 79J_3

21.9_ OYC 121,0_0
9 783 8FC 2_.292

? 077 HYC ___O

2242_ l.o MON 82,95O

23,189 ore 12_,6o$

_,1_9 src 29,ss3

8 581 _C9.2el

tt,_96 l.l It[ON

24,321 OtC

?.488 8FC

33._59

33.98_

84,061
133,8_?

28,oo8

101 Vshiele C otfftlP_rstlo_

Bo_tiom N_b4r 11

Intert_mk (2795" - 3162.e-)

Nx _ No -

OFC 30 _ss

src 7 T|0
HYC
L_S

8 MO_

Ore"
SFC

HYC

9 MO_

OFC
SFC

HYC

ISS

I. o MON

OFC

|FC

HYC

leg

l NOH
OFC

8rc

s_*_

29,911
32.??o

8,298

Material : Beryllium

N x Nomlttal: -4,484 Ibm/In,

N O Nominal: 4,484 lbs/m.

9.774
3O 282

34,?58

to 793

31.304

8 no

11 e_l

35.992

38,439

I01 Vel_cl* Co_Igurs_

IM_0uom N_mber 12

LH_ Tank Bottom Be*d

N _ N -

HYC

tm
.7 MON

OFC

8FC

HYC

mm

9 MON
OFC

9FC

_YC

m_

•9 MON
OFC

SFC

C s Q42

1.0 MON s ?sn
O_'C

SFC

_c
1. I _N

OFC

9FC

Mstel_ : Beryllium

N Nomleml : ....
x

No Nommzl: 9,144 lb*/tn.

.8 M 1.0 1.1

7,_21

a s_

0,801 . P.0|l 10890

T4(M R_Z9 _ nsl
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Weight/Load Matrices - 101Vehicle

Volume 2

I

, (I
I

I
I
I-

7-- t
/

Material: Beryllim
101 Vehicle Configuration N Nominal: - 684 lba/tn.

becttoa Number 13 •
N Nominal: 12.839 lbe/tn.

LH2 T_k Cylinder (3162.6" - 3439.4") o

N x _ No

_'-x Nora _o Nora .7 .8 .9 1.0

KYC 8 _91 10 03_ 11 286 12 533

mS IS 2S9 15 2S_ 15.259 15.259

.7 _N lO.OQQ _0,00$ 10.008 10.477
OFC

SFC

HYC 8.791 10.038 11.286 12.533

I_6 15,259 15,259 15,259 15,259
.8 MON 10,53e 10,$36 101536 10,582

OFt

SFC

HYC 8,791 10,038 11,286 12,533

18S 15 259 1§,;§_ 15.259 15.259
.9 MON 11.025 11.025 11.025 n 025

OFC

SFC

trYc 8 791 10 o38 11 2ss 12 5a3

I_ 15.259 15.259 15.259 15.259

1.0 MON 11.482 11 4s2 11 4S2 11.482
OFC
SFC

HYC 8.791 10 038 11 28e 12¸533

lib 15,259 15,259 15,259 15.259
1.1 mON 111911 11,911 11,911 11,911

OFC

SFC

101 vehi©|l ComfilO_rati_

_UoD Number 15

Stage 2 Forw_d Sldrt (3439.4" - 3610-)

N _ N° -

C 1 _1, I

.7 _N 10 _74

OFC 9.430

SFC 2.81§

_c
.8 _N

OFC

SFC

_c
.9 MON

OFC

SFC

IrYC

1.0 MON
OFC

BFC

_c
l.I _N

OFt
SYC

2 129

3.528

11,132

10,081

3,012

Material : Berylii_
N Nomtnal: -2,762 lbe/tu.

N o Nomimd: 2.762 lbe/tu.

1.1

13 _SO
lS 259

11.525

13.780

15,259
11,525

13,780
15 259

11.525

15.259

ll so3

13. 780

15.259

llrgll

+$ l.O 1.1

3,623
11 648

10.693
3 191

2,562

3r715
12.130

11,271

2.758
3.8O4

12,584
11,82l

3.530

1Ol Vehicle Co_ftlguratl_

Sectt_ Number 14

LH_ Tank Top Head

N x ; N O

Nx Nora H ° _om .7

H_C

.7 MON

OFC

SFC

HYC

.S MON
OFC

SFC

h'YC
tS_

.9 MON
OFC

8FC

_c
1. o MON

OFC

8FC

1.1 MON
OFC
SFC

Material: BeryUtum
N Nomlmd : ....

x

N ° Nominal: 7. 399 lbe/[n.

_,655 6,451 7,247 8,043 8,838

],679 5.348 6 016 6.685 7.353

101 Vehicle CoufllgaraU_

SeeU_ N_ber 16

Inst_nt Unit (3610" - 3730")

N x t N -

H_C 1.213

ISS 2.343

.7 MON 7,07_

OFC 19,242

SFC !, 856
HYC

• 8 MON

OFC

SFC

HYC

LS_

.9 MON
OFt

SFC

H_C

1.0 MON

OFC

SIeC

HYC
lIB

1.1 ZION
OFC

SFC

2,397

7,44_

20r571

Material: Berylli_

N x Nominal: -2,418 lbs/In,

N O Nomimd: 2,418 lbs/ln.

Z,4_7
7Sl

;,D7
1.614

2 S15

8.114
22.999

2.212

1 vaa

8.57z

8,_17

24,121

2_321

C-7



Volume 2

Weight/Load Matrices - 101Vehicle

i- ,- - !

Material: Al_InLun 2219 = TS?

I01 Vehicle Couti_ration N Nomlr_l: -12,005 Ibe/m.
x

SecUon Number I N Nominal: 12,005 Ibs/hi,

Thru*t T_kec_t (643,0" - H56 0"_ o

N x _ N o
.7 8 i I0 I.I

_q- Nora _-- Nora
x o

HYC

_7,999

7 _ON 68,957

OFC _.463

8_C 26 983
IIYC LP 7_1

_ 41.013

.8 _N 72.515
OFC _,813

SFC 18,869

_/S C _1.0_44,201

• I M()tl 7S, de2
OFC 31 078

SFC _2 7_?

_C 21 31147,291

J 77.O42
|. 0 MON

OI_C '11.192

SFC __ 25 _

I. 1 )_)N 71 121
13,101OFC

8FC 'H,511_

Ioi Vehicle c o_flluratlon

Section Humber 3

RP-I Tank Top Head

N a _ N o -
.7

7 _N

OFC
8FC

HYC

.8 Mean

OFC
8FC

_c
•9 MON

OFC
8FC

C 6.825

|. 0 MON 6,6_2
OYC

S_

_c
1.1 _N

OFt

8FC

I

Mstlrli: Al,_mlnum, 22111 - Tit7

N x Nominal : ....

N O Nomlid: 4.162 Ibtl/ln.

. i el

7.7_ 8 747 9,708 io,$?O

6.460 7,2e7 8,075 8,882

Io! vehi©L* Co_|u_

_Uo_ Number 5

_ox Tank Bottom Head

N x _ N o _

I'n_C

_m

7 _N
OFC

SFC

HYC

m

S _N
OFt"

SFC

In_C

I MON
OFC

src

itTc 11.107

1.0 _IN 10.2_0
OFC

HYC

m

1.| _N
orc
8FC

Malaria: &llmlla_, 211t - I'!7

N Nom._l: ....
a

N o 14omin_h 8.268 Iba/in,

.8 ,I 1,o 1.1

14.02V

11 611

-_m

_l_ll_ 1t,#|4 16.075

I "%

I i
#

I ._."
,..,.

101 Vehicle Coafli_ur aUon

lletlom Number 2

RP-I Tank _m Held

N x t NO -

1_x Nora ll-e Nora .7

HYC

ms
.7 MeN

OFC

SrC

HYC

ms
.s MeN

OrC

SFC

_c
•i MeN

OFC

SFC

C I 204

1.o _ 7 _
OrC
8FC

rtC
N

1.1 _N
OFC
SFC

MaterlsJ: Alumina, 2219 - T87
N Nominal : ....

a

No Nominal: 5,e07 lbs/ln,

10.504 11.804 13.105 14.405

i ?_8 I ill 1o 123 xl o15

lOl VJthiehi Coofi_ur aUon

_¢tton N_ber 4

lnt_rtuk (85@.0" - 1477.0")

7
4

]l_c 18.s39

! 1_.6t0

.7 _N 117 ._t3
OFC lls ill

8FC =s _

8 _N

OF¢
8FC

.I MON
OFC
SFC

_c
1.o MON

OFC
SFC

1. | _N
OFC

SFC

Mmrl_l: Aluminum, ill9 - TS7

N I Nominal: -il,407 tbs/l_.

N O Nomilll: 11,407 lbe/ln,

116,1_45
207 701

lii 1_
li.21io

.8 ,ll 1.o 1.1

115.7oo

IM,_4?

_1,7p2

135_ -- -

226,383 __ __

144,710

2_4 793

ldl.0?9
111.915

1ol vehicle Co_illlvrau_

_tio_ liumbe r

I_ T/Cylin_Ir (I47T, 0" - lllll.O")

N x _ _1_ _

_mc R _l
16.71_7

.7 81_N 37._M

O_C

SFC

m l_.01?

S _N sl sit
OFC

8FC

I'nCC • 271

m I* _s

.I _N 41 _SO
OFC

src

C s llsIo 171

1.0 MON 43._1
OrC

22.589

1.1 liON 44 s'i,1
orc

8FC

.8

Ioss

1@.7_7

37.5_

18,097
_ll sl?

41 _o

do ill

43.041

I as2

44 8Vl

MsterlaJ: AJmmm, i|ll - T87

N Nominal: 4,4@7 Ib*/m.

No _omlul: il .*09 Ibe/m.

.i i.o 1.1

10 o79 11118 li.ls3

I_ .757 1d,7_7 le. 757

_ 371d_ 37,5_

l_.lll II,173 12 .lid

18.097 18,017 18 097 __
_9 _17 31.817 _9.117

In x_l , II ill xl 2_7
II.848 19.648 li.167

1o I/2 _.I|7

10 |71 _0._ 10.171

43.0_I 43,0_I 83,061

&4 ATI _71 4,4 871

C-8



Weight/Load Matrices - 101 Vehicle

Volume 2

I-- ----"_'

I
I
I
I
I
I

(I[. f
iOl VelMcle C oaflgurstlo_

Secu_ Number 7

LOX Tank Top Head

N x _ N

o

HYC

7 MON

OFC

SFC

HYC

m_

•8 MON

OFC

9FC

HYC

.9 MON

OFC

SFC

_c
1.0 MON

OFC

3FC

_c
1.1 MON

OFC

SFC

7 OSS

_,_A2

.8

s O49

5,976

Material: Alumina. 2219 - T87
N Nominal: ....
x

N o Nomlnal: 4.559 tbs/in.

9 1.0 1.1

9 042 10 036 11.029

7.311 8.345 9.180

1Ol Vehicle Cm_illptr|Uon

Secu_ N_ber 9

Inte_tag_ (1905,0" - 2075.0")

N x 4 N o

.7 MON 55.232
OFC 17.141

SFC 191182
HYC

IS6

• S MON
OFC

SFC

HYC

IS8

.9 MON
OFC

SFC

1.0 MON

OFC

SFC

HYC

I,1 UON

OFC

SFC

12.793

27,_14

52,935
is _24

20.52a

Material: Almtmm_, 2219 - T87
N Nominal: -9,515 [bs/tu.

x

N o Nominal: 9,918 lbe/in.

.9 1.0 1.1

14,255

3O1641

39,991
19.439

21 704

IS _aa

33 583

§7&s'-
20,487
22.978

17 169

• s 716

59. S40

211457

291074

lOl Vehicle C ouflg_r atlon

_*¢tlou Number 11

Intertank (2795.0" - 3152.6")

N x t N° -

.7 MON _o §Z7

OFC 26 In_

SFC 23 437

HYC

ISS
.S MON

OFC

SFC

HYC

ms

.9 MON

OFC

SFC

I. O MON

OFC

SFC

l.nfC

I. I MON

OFC

SFC

12 652

31.077
74.353

27,911

25,OO9

Material: Kltu_tu_ 2219 - T87

N Nominal: -4.484 l_/m.
x

N hlominal: 4.41_lbe/ln.
o

.9 1.0 1.1

14.045

321956

77,902

291604

351539
15 43_

35,527

81,025
31 2O6

27 9_

19,$12
37 9S4

051

32.729

30,853

I ,J
i,,_,.i .J__ _L_

Material: Aluminum, 2219 - T87
! 101 Vehicle Coufiguratl_ N Nominal: -9,277 lbs/in.

x
Sectl_ Number 5
Stage 1 Forward Skirt 11627.0" - 1955.0") N ° Nominal: 9,277 lbs/l_.

NX _ N o

_o_ _ _o= 7 ,5 .9 1.0 1.1
HYC 17,_0

1_; 38 512

.7 )&ON QI.4(,9

OFC 34,383
SFC 31.00_

H'/C 20 312

]5_ 43,159
.8 MON 9_.779

OFC _ 702

SFC 33.0_I

HYC 221621

47 733

.9 MON _. 7_7

OFC _9,992
SFC _§,_W

HYC 24 929

1.o MON 9_1473

OFC 411101

BFC _TlOlO

m_C 27.21755.515

1.1 _ON _6,9_7
OFC 49_107

9FC 39 e_2

1Ol Vehicle Co_lg_ratlo_

beett¢_ N_ber 10

Sta_ 2 Lo_r $PaJrt (20q5.0" - 2795.0")

x x 4 N ° -

It_C 43 5s4

Is_ 92.517

•7 MON 155,960

OFC 84,019
SFC 71.584

HYC

US_
.S MON

OFC

SFC

HYC

mS

•9 MON

OFC

SFC

1.O MON
OFC
BFC

I. 1 _ON

OFC

SFC

49,60_

103r193

195_770

89,820

7_,_

Material: Al_iu_. 2219 - T57
N Nominal: -9,551 lbs/tn.

x

N o Nomlmd: 9,651 lbm/tu.

29O

113.941

204,852

9S 2SS

1211428

213,332
100.421

92 07_

_,_
1281391

2_1 3_

105,323

971257

101 Vehicle C o_It_r 8tl_

Section N_b_r 13

LH_ Tank Bottom Head

N x * N O

I_C

H

.7 14ON

OFC
SFC

InfC

•8 _N

OFC
SFC

• 9 MON

OFC
SFC

tt_C 10,471

1.0 MON 8. 725

OFC
8FC

_c
1.1 _N

OFC

9FC

Material: Ah_ninum, 2219 - T87

N x Nominal: ....

X Nominal: 9.1441be/_n.
o

11_955 13,939 14_933 191439

9.971 11.218 12,4_..'_ 13,710

C-9



Volume 2

Weight/Load Matrices - 101 Vehicle
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101 vekicle Co_/lpr |t ion

S4_U_ Number 13

LI4] Tank Cylinder (3162.6" - 3439.4")

N x _ N o _

7 _N 25.102 26.102

OFC

8FC

HYC 13 3_ In 190

m 24.128 24.128

8 MON 2s 42_ _a 427
OFC

SFC

158 24 3_1 24 371

9 MON 27 al_2 27 a_2
OFC

SFC

24 _13 24 S13

1.0 MON 2B 797 28 ?97
OFC

SFC

1.1 MON _ 2_.874
OFC
SFC

Materlad: Alu/nin_. 2219 - T87

N Nomlnad: - 684 lbe/m.

N o I_mi_l: 12,8391_/t..

.9 1.0 11

17 O77 la _7 2o _l_s

23 886 23 8_ _ aM

25.102 25.102 25 102

17.078 IS 9e_ 20 asa

k_ 24 128 _ 24 12B 24.12_
2_ 427 _ 42_ _ 4_

l?nSl In _?n _n a_a
24 271 24 _71 24 3T1

27 IK2 27.652

17 0s2 la 972
24 S13 24 613 24 _13

_8.787 ;8,?P? 2S 797

=

1Ol Y,blcl* Cou/l_r sU oe

Seet/_ Number 14

LI4_ Tsak Top Head

N x _ N o _

2P/C

.7 _N

OFC
SFC

XYC

.8 _N

OFC
SFC

ItYC

9 MON
OFC

SFC

_c
1.0 lION

OFC

SrC

gc
OTC
SFC

Material: KI_tn_ 2219 - T87
N Nominal: ....

N o Nominal: 7._91bl/ln.

.8 ,$ 1.o 1.1

8.883 10.139 11._ 12.663 13.910

7 390 8 44fi 9 602 10 6ST 11.612

101 vehicle Cot_rztJ _

_m_t/_ Number 15

8tq_ 2 Fo_ard Skirt (3439.4" - 3_10.0")

Nx _ N o _

IrYC _ 4a9
mS Io S_

.7 MON _7 1_4

OFC 2._04
SFC 6.55O

_C

_ MON

OFC
SFC

IIYC

• _ MON

OFC
SFC

_c
t. o MON

OFC

BFC

_C

!

1 1 _N
OFC
STC

9,091

127

Mstertad: Alu_nm_, 2210 - TR7

N Hommad: -2,762 Ibe/m.
x

N o Nominal: 2,762 lb./ in.

.9 1.0 I.I

4.242

It,771
29 _S7

9642

31 197

10 1_4

I0 Ill

13 24_

32 383
lO.6e0

_0,697

1Ol Vehicle Couflgur|u®

keUoo N_bmr 1_

lnst_maut Unit (3610.0" - 3T30. o')

Nx _ NO _

_ l_m "_- I_m • ?
x o

7 _N 11.190

OFC 11 ._78

SFC 5,6_
HYC
ms

.S _N

OFC

8FC

IIYC

• _ MON

OFC
SFC

I'nCC
m

1.0 MON
O_

|PC

gc
1.1 _N

OFC

8FC

Matertad: Al_mum, 2219 - T_7
N Nominal: -2,418 lba/tn.

N o Homtmd: 2,41S Ibs/tn.

,$ S 1o 1.1

2 4a2

1_,15C
12.48_

002

6,192
29_058

t _72

2,9M

20.8_7

1S,959

6.722

2.tSt
9 263

21._47

14,641

?.OM

C-IO



Volume 2

Weight/Load Matrices - 201 Vehicle
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I
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201 Vehicle Configuration

8ectl_ Number 1

Thrust Takeout 1710" - 960")

N x _ N o _

H_C 1_ a42
M 99 _17

.7 MON 79.861

OFC 35,OO5

SFC 3O,427
KYC

M
• 8 _N

OFC

9FC

_c
.9 MOH

OFC

SFC

WgC

M

1.0 MON
OFC

BFC

_c
1.1 _N

OFC
SFC

_0,164

431965

84.074

_,_§_

Material: Al_ln_, 2219-T87

N Nomlmd: -10,163 Ib/m.

N o Nominal: 10,163 lb/m.

22 462

4_,_

_7.p7_

39,692
_4,p_2

24 754

53.698

91,616
41,962

3_,448

57 125
95 041

t3.861
41,_92

s S
s

201 Vehicle Ccmflguratlon

_-cU_ Nmber 3

LH2 Tank Top Head

N x _ N o _

IIYC

M

.7 _2_N

OFC
SFC

:'n_C

• 8 MON

OFC
SFC

IIYC
M

,9 MON

OFt
SFC

II_C 13 394

M

1.0 MON 11,1.54
OFC

_c
1.1 _N

OFC

8FC

201 Vehicle Co_/gur aU_

Section Number 5
LOX T_k Bottom Head

N x _ N

HYC

M
.7 MON

OFC

SFC

HYC

M
• 8 MON

OFC

SFC

HYC

[SS

• 9 MON
OFC

$FC

HYC I_ _2_

M

1.0 MON _ 13 923
OFC

9FC

_c
I. I MON

OFC
9FC --'

Material: Ah_nln_. 2219 - T87
N Homered: ....

x

N o Notated: 9.137 lbs/_n.

.9 1.0 1.1

15 291 17 188 19 085 20 9g2

12,748 14,341 13,936 17_528

Mate_al: A/_baum. 2319 - T97
N Nominal: ....

x

NO Nominal: 9.399 Ibs/In.

18.537 20 827 23 127 25 427

16._53 17.387 19.319 21.250

Material: Almnln_m_, 2219 - T87

201 Vehicle Configuration N x Nominal: - 6.457 lbo/tn.
Section Number 2

LH2 Tank Cylinder (960" - 1360") NO
Nomiual: 14.356 lbs/in.

N x _ N -..2o

_x Nom No Nom .7 .8 .9 1.0 1.1

HY C 28,920 32,290 36. 090 39,911 43,797

M 59.754 591754 59_7_4 69_754 59.754
7 MON 116_596 116_596 116_596 116_596 116,596

OFC

$FC

HYC 28,690 33,440 39,226 40,035 43,860

M 60 967 60 ee7 30.897 60.997 60 867
.8 MON 122 747 122 747 122.747 122.747 122.747

OFC

9FC

HYC 28 869 32.591 36 366 40 157 43 974

M _ ,984 61,984 61.984 61,984 81,9_4
9 MON 129.442 128.442 129.442 128.442 126.442

OFC

SFC

HYC 29.120 32. 746 36.496 40. 281 44. 098

M 63 411 63.411 63.411 63.411 63.411

1.6 MON 133,799 133,739 133 N59 133,759 133,799
OFC

SFC

c 29.841 32.932 36.634 40.404 44.3016714_4 67,484 67.484 97,484 67,454

1.1 MON 138,758 138,758 133,758 138,758 138,798
OFC

SFC

_9.097

127,605

248_253
134,751

96,316

Material: Almmln_, 2219 - T87

N Nominal: -10,334 lbs/_n.
x

N ° Nomtn_: 10.334 lbl/tn.

66 958

145.892
259 770

142,939

1o_,2:_
73.7S4

156 026

150,657

107,841

_o _xs

158.010

1_2,_73

201 Vehicle CoOl.station

Sectio_ N_ber 4

Intertank _1380" - 2073")

N x _ N o _

_m _-I_mo .7

II_C 53.173

M 115 361

.7 NON 235.813

OFC 126 _48
SFC _0 1._

i'n_c

. e MON

OFC
SFC

InfC
M

.9 MON

OFC
SFC

_c
1.0 MON

OFC
9FC

InfC

M

1.1 _N
OFt

SFC

Material: .kl_lnum, 2219 - T87
N Nomtmd : ....

x

H ° Nommal: 4.3O8 lbs/tn.

7.403 8.44fl5 9.436 10.327 1156_

6 122 6.997 7 871 a 748 9 920

201 Vehicle Co_lguratl_

Secttot_ Number 6

LOX Tank Top Head

N _ N
x o

_'- Nora _- Nora .7

HYC

M
7 MON

OFC

SFC

HYC

M

.8 MON
OFC

SFC

HYC
M

• 9 MON

OFC
SFC

_c
1.o MON

OFC
9FC

_c
1.1 MOH

OFC
9FC

C-II



Volume 2

Weight/Load Matrices - 201 Vehicle

I \
II /

[ _ S_

201 Vehicle C oe_[l_r |tl®

S4_tl_ Number 7

$ta_e i Fo_lrd Skirt (2073" - 2_70")

Nx t N -

HYC Ifi 2OS

39 S03

7 MON _ 003
OFC 34,454

8FC 29._46

H¥C

ISS
8 MON

OFC

SFC

_c
•0 MON

OFC

SFC

_c
1.o MON

OFC
SFC

1. ! MON
OFC

SFC

N x t N o

HYC
m

OFC

_C
B

e NON

OFC

8FC

KYC

• t MON

OFC
SFC

HYC
m

I. 0 _N
OrC

61_g

_C

m

|. | MON
OrC

SrC

Material: &lumm_, 2219 - TS?

N x NominAl: 4.517 lbe/tn.

N lgomlnal: 6.e17 Iba/tn.
o

.s .t 1.o l.l

ll eaa

93 939

39,_7

994

:_ 125

40 4_

ss as?

ss 833
3o.82o

20 ZSO

_ _.e8,?.
97,516

41,161
36.879

2_,s_;
4&,87_

101,i60
43.I00

l 3e.704

201 V @JLic le Coai_ati_

Seettoa Number 8

[_rsts4_ (2370.0" - 2797 o'*)

Nx _ No _

11- _m N" _m .7
x o

I'PIC 20 Aa_

m _2 oss

.7 _N Ill s3a

OFC 75.250

SFC 4o .443

H_C

.S _N

OFC
SFC

_c
.J )4ON

OFC
SFC

!

1.0 MON

OFC
8FC

gc
1.1 _N

OFC

2a _lS

59,275
125,1_5

el.525

Material: Al_ln_. 2219 - T87

N N_ud: 4,2791bs/tu.
x

N o Nommah 6,27g Ibs/m.

.t 1.0 11

26.13T

50,755
132,012

86:471

45,215

2a 7_

a_ 2SS

137 tSO

31.5_4
st 557

201 vehicle Co_li_raUon

84_tle_ Number 9

Stal[_ _ Lower Skirt (2797" - 28_2")

,7

7 _aa
2.e1_
e.0_4

Idst_rttl: Almintm_. 2219- TS?

N Nomi,_l: -40411bs/ln.

N _omlul: S0411bs/ln.
o

.8 9 l.O |.1

2_a
6.9al

IS 931

9.919

2_59_

9.991
1_.810

2,970

q,_p2
2,_41

I0,389

2O.63O

3_131

7.7_

21.401

3,285

81115

201 Vehicle Co_/gur at/on

S,,mutan Number I0

Int_rtank (2852" - _201.5")

N x _ N o _

_C 10 SS031 4&t

.7 _N 78.8G2

OFC 44,757

_FC 2_,218
KYC

• 8 MON

OFC

SFC

m

• 9 MON
OFC

SFC

m
1.0 _N

OPC

gc
1.1 _N

OFC

SI_C

201 Vehicle Co_fLIptrau_

14ttmber II

IU and Fo_ard _tirt (3201.S" - 3321.5")

Nx t N o -

KYC _ I_s

m 10.120

.7 _N 2_.577

OFC 29,S_
_C 7,987

IIYC 3,_52

_ 11,312

OFC 27 _7

SFC 9.546

HYC
ms

.0 MON

OFC
arc

HYC

m

l.O MON

orc
|1_

I. 1 NON
OFC

|FC

I_ las

xt oas
a_ 0]2

4? 858

29 988

Mste_t_l: Alumtama, _ll9 - TS?

N• Nomtaal: -3,0_ lb_/ta.

N _omtmd: 3,0_J lbl/tn.

,| 1.0 1.|

3 .H5

12.172

20.176

29,123

2,O77
• 252 •

1_C4

29 _45

a tal

t,ee2

13,92o

32,|97

t,_2

Ma_rtal: Aluminum. 2219 - T87

N Nomlmd: -2,s47 Ibs/la.

N o No_: 3.897 Ibs/_.

l_ so2

_.542

29.462

1.o |.1

_0,458

53,50?
30.13_

_,llS

31,_9

C-12



Weight/Load Matrices - 201 Vehicle

Volume 2
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301 vehicle COQflL_r aU on

• Dcthia Nmber 1

Thrust T_eout {710" - 960-)

N x _ N o _

ItYC a I_

OFC ,1_.4_

8FC 9.sos

.8 MON

OFt

SFC

tnCC

.0 MON

OFC

SFC

_c
1.0 MON

OFC
6FC

___c
I. ! _N

OFC
SFC

10.231

11,873

33,690
49,667

lO,134

Material: Beryllium

N x NomlMl: -10,163 lbs/la

N O NomlDal: 10,163 lbstin

11.312

13.114

_,_o_

52,690

1O1781

ii _17

I_ 5fl5

14.765
_.9ss

]l,p?8

MaCe_ : Beryllium
201 Vehicle Couf_lUon N Noml_: - 6.457 lbs/in
SeeUo_ Number 2 x

N _omtu_: 14.35_1be/_
I_ Tank Cyliac_er {96O" - 1380") o

N x _ No -

HYC i_ 70_ _o oal 22.43_ 24.90_ 2? 33_

32 s_ 32.s27 32.527 32.5_7 32.52_

.? MON 4e.416 46.416 46.416 4_,4_e _,416
OFC

SFC

|lYe 17.855 20.188 22.070 _4,97_ _7,400

L_ 33.131 33,_3] 33r131 331131 33,131

8 MON 48.865 48r800 48r865 48r865 48_865
OFC

SFC

HYC 18.059 _0.3_3 _3.673 30.061 071470

I._ 331735 331733 33_733 33_733 33,733
51,1329 MON 511132 51_13_ 51_132 51,132

OFC

SFC

1.0 MON $3 249 £3 249 53 249 53.249 53.249
OFC

$FC

_4 939 _4 939 _ 9_9 _4 9X9 _ 909

1.1 MON 55.239 55.239 5s.239 5£.239 00.23_
OFC

8FC

201 Vehichi Co_llpwltion

8ectio_ Nmber 3

LH2 Tank Top He_

Nx _ N o _

_c
.7 _N

OFC

SFC

.8 _N
OFt

SFC

_c
.9 MON

OFt
$FC

_c
1.0 _N

OFt

_c
1.1 _N

OFC

BFC

201 Vehicle C O_llp_au_

Seetl_ Number 5

LOX Tank Bottom Head

Nx _ N o _

_c
.7 lION

OFC

SFC

InCC

_S8
.8 _N

OFC

SFC

_c
.9 MON

OFC

SFC

_c
1.0 MON

OFC

_FC

gc
1.1 _N

OFC

SFC

Material: Be rylllm
N Nominal: --

x

NO Nomm_l: 9137 Ibs/ln

.8 ,9 1,0 1.1

8.434 9.6Z2 lO*Sll 11.999 13.188

6.988 71900 3,984 9r982 10,981

MateH_l : Bewllium
N Nominal: --

x

N o _omm_l: 9386 ms/in

lfl s4a 12.151 1_ as] IS.lS7 I_ _so

8.8_ 10.099 11.361 12.623 13.886

201 Vehicle Co_rlUo_

SecUo_ N_ber 4

Interta_k (1380" - 2O73")

Nx _ N O _

• o

In_c 27 2sl

_ 34.41e

.7 lION _I,§Pl

OFC 176,287

SFC 20r6_

.0 _N

OFC

$FC

tnCC

.9 MON
OFC

SFC

1.0 MON
OFC

$FC

m

l.l I_)N
OFC
SFC

IO,'lfll_

35,141
_T5_9

188,459

29r005

Material: Beryllium

Nx Nomimd: -10,334 |be/l_

NO _omL]_l : 10 334 |be/In

33,6_9
38,812

101_007
199,890

31,812

105.188

210.703

33,565

201 Vehiel! C_Igur|ti_

becUo_ N_ber 6

LOX Tank Top Head

N x t N O

Nora _-- Nora ' ?
o

HYC

• ? MON

OFC
SFC

HYC

.0 MON

OFC
SFC

HYC

.9 MON

OFt

SFC

HYC

1.0 MON

OFC

8FC

HTC

I

1.1 MON
OFC
8FC

Mltert_[ : Beryllium
N Noml_l: --

x

No Nom_: 43O8 _*/ln

&_ 173
lO9.119

_2o 9s?

3s 235

.8 .0 1.0 1.1

4.519 5.149 5.778 8.407 7.036

3v699 4_230 4_7S6 5,284 5,813
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Volume 2

Weight/Load Matrices - 201Vehicle

// I

I I
/" I "'\

t. i /

-9

I \
II /

201 Vemel* Co_flpralon

8ecttm Num_r ?

8tsje 1 Fo_lrd Skirt (207Y' - 2370")

N x I No +

• o

10 _4s

7 _N 33.0_

o FC tP. 190
SFC 9,549

HYC

S _N
OFC

SFC

ll

•9 MON
OFC

SFC

_c
1.o MO.

OFC
IrC

_c
1.1 _N

OFC
SFC

Matergd : Beryllium

N x Nomlnil: -6617 Ibs/In

N O Igominal: 6617 lbs/ln

8 9 1.0 LI

tl 74_

14.31a
39.3_4

t210_

201 v*_©J* Cod_lvau_

S*etto_ N_b. 9

stap 2 i_w*r _rt (2197" - 2862'_

N s + N o +

m = 21't
.7 _N a _2

OFC 11117

IPtc

m_

e MON
OFC

SFC

HYC

ll

J MON
OFC

SFC

IgtC

IB

1,0 MON
OtC

ffC

h'YC

BS

i. l MOt4
OFC
SrC

9,RSA
12 sam

_m.40i

48.9?3
zo.900

io_a3

13.7_

37,9_?

51,611
t_,483

9.119

11,838

34,Y_
_,172

10r2_

blaol_al : B*ryllt_

N z Nominal: -6041 lb|/ln

N O Nolnlnal: 8041 lb*/In

.s I 1.0 1 I

l.iaa

3.1o2

1.311

l,OSi

2r$12

7703
984

1.1a_

1.931

8,021

1,037

10.4TO

41,13_

?_t o

201 Veblcle Co_A_uniion

SeeUo_ b_mber 8

lntsrst_ (2370.0" - Z797.0")

Nx i N o -

.7 lION _._9?

OFC nl.3_l

8_'c il 31ill

H_C

,s MOl, l
OFC
SFC

HYC

.9 MON
OFC
SFC

I. 0 MOB
O_C
IIC

BYC

ll

I. l MON
OFC

SeE

iOl Vebl©l* Comftlmrlu_

_tl_ Numi_r l0

lr_rtaak 12e62" - ._201. _")

N x + N -

_.o. _+.o. 7

m §,?89
.7 MON _0,_40

OFC _9,00_

SFC 81341
HYC

.8 klON
OFC

8FC

IITC

• l MOB
OFC

SFC

../
1.o _N

OIPC

BleC

___c
1. | MOB

OFC
IItC

iJo_

2,455
7.381

lit

! .l.ill

Miirlih B*rylllum

N x llomlUl: -3_I Ibs/in

_o Nomld: 30_9 Ibsltn

1.354

3,313
11 +4011

_5.041

3.144

M|_*rld: B+r/lllum
N Nominal: -82711b|/ln

N o momlld : e_9 Ibl/m

.8 .I 10 l.l

li.13o

135.314

IP 3e

A_

1
u 9_

11._3

53,455

112,644

18.148

19,SO0
55.453

t41.806

16.7M

49.05_

12i,584

14,p59

M_* Md : _rylllum

N Nomluh -3e47 Ib|/In

N Womlmd: 3e87 Ibl/tn
e

.8 I 1.0 1.1

a 7s__

9.0S9
31.m
73.772

8.914

10l Vlbld* Co_prlUm

ll_tk4_ Num_r II

IU and Fol'lll_ 81_lrt (3301.5" - 3321.4" I

N x _ No +

B_C t .Tu

+7 MON IJ45

OFC _,057
SFC 2 J28

HYC
St

.S MON
OFC

SFC

B_C
ll

I MON
orc

src

If_C

1.0 MON
OFC

|FC

1.1 _N
OFC
|FC

2.151

3_103
10,1l
51,114

Ill81

l.l

II.8M

P,_M
3,398

1#15
33.775

I.il5

II .,I
I0 63O

3_.173

81.180
1.14a

ll+ ii7

11 .ll

_ .,lleli

_l, 501
101410
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Weight/Load Matrices - 201 Vehicle

Volume 2

I
!
t
I
I
I

\
I

/

o _

s

201 vehicle Co_pzrlu_

_ti_ Humber 1

Thrust Takeout (710" - 960")

N x _ N o -

• 7 _N 1 n_ ¢m_

OFC 44 _a

8FC _ a20

IIYC

m
• 8 MON

OFC

SFC

IlYC

.9 MOH
OFC

SFC

ItYC

m

1.0 _H
OFC

Bl_

_c
1.1 _N

OlrC
BFC

15,54lt

5|t2S5

113t763
4?tin

39r270

Material: Titanium

N x Nominal: -10.163 lbe/in

N O Nominal: 10.163 lbl/in

]Z9.040

4_, _
44,617

IA 11_

59.444

123T_7

52,7C_
#Jt 0

201 Vebl©le CowSQKur_cm

_ti_ Ntm_r 3

LHa Tank Top Head

H z _ N -o

N- Nora ]q- Nora -?
• o

•? MON

OFC

8FC

HYC

Z86

.8 MON

OFC

SFC

HYC

m

.9 MOH

OFC

SFC

C s.672

1.0 _N 7t187
OFC

gc
1.1 _N

OFC
8Fc

Mslertsl: _ts_um
N NomtMl: --

x

N o _4omt_l: 8,137 lbl/tu

9.894 ll zla 12 _9 13.?_1

8r214 91241 101248 111294

20.288

83_988

1281eo2
55.2?2

49,121

Msteri_ : Tit_i_

201 Vehicle Co_fig_ratlo_ N x Nomaud: - 6,457 lbs/ln

SeeU_ N_ber 2 N NomJmd: 14.3561ba/in

I_ Tank Cy_ader _9_0" - laao,, I o

H x _ N o _

_- I_m _- _m ? .8 ._ 1.0 1.1
x o

• ? _ON 157.720 1s_.720 1s7.720 157.720 1_?.720
OFC

SFC

IP/C 23.3_0 2_.1,_ 2_ 10_ 29.20s 31.310
_ 68.6?8 68.6?8 6e.678 6e.678 68.678

.8 _N 166.040 lee._ 1_6,c40 16e._,o 166.040
OFC

8FC

I_ ?3.74? 7_.747 ?a.?47 7_.7t7 7_ ?4?
.9 MOH 173.743 1_3.743 173.743 l_a.74a 173.743

OFC

SFC

InfC 24.8O2 _._0 _.23S _0 ls_ _21u_

ms ?8.635 78.635 7e.e35 78.e35 7s._a5

1.0 _N 180.9_ 180.9_ 180._M _e019 _ 180.9_
OFC

BFC

C 25.543 2?.O56 zs.a03 3O.7O2 _2.71183.372 83.3?2 83.3?2 83.372 83.372

1.1 MON 187._ 187.e_ 187.6_ _7,_ 1871698
OFC

SFC

ml vehi©le Cam_Lg_raU_

Sectloa Number 4

Inter'tank (1380" - 2073")

I_s _ N o -

IrfC 41.479

B 1a#._7_
• ? _N 319.084

OFC 158t518

It_'C

.8 _N
OFC

SFC

_C

• 9 MON
OFC

SFC

m

1.0 MON
OFC

8FC

l. | _N
OFC

8FC

'_,;17

1491451
335,917

169,462

116,618

Material: TitaMmz

N Nominal: -10.3341be/tn
x

No Nominal: 10,3_1_/1n

50,9_0

351.500

179t74Z
131.491

SS._82

1731408

_er051

80,_75

18_r632
_79,733
198.712

145.337

201 Vehicle Comfig_r atlon

S_t_m Nwmber 5

LOX Tank Bottom Head
IN t N

:__x o

: Nx _m _ _m .7

W
,7 _N

OFC

SFC

HYC

.8 MOH

OFC
SFC

.9 MON 8t616
OFt

SFC

_c
!. 0 MON

OFC

_c
I. 1 _N

OFC
8FC

MMerlal : Titanium
H Nomtnsl: --

x

N o Nominal: 9.386 ms/tn.

11.852 1_,317 _4,782 16,248

91847 11,0"/8 12,309 13,540

201 Vehicle C aufi&,_r atlo_

5evu_ N_ber 6

LOX Tank TOp Head

N x _ N o _

.7 lION

OFC

8FC

8 _N
OFC

SFC

InfC

,9 MOH

OFC
SFC

1.0 MON

OFC

_c
1.1 _N

OFC
8FC

Mster_l : T_t_vlum

N x Nominal: --

bro Nominal: 4,308 Ibs/1n

.8 .9 1.0 1.l

4.891 5.573 6.225 6.937 7,620

4_011 4r584 5t157 5,73_. 6t304
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Volume 2

Weight/Load Matrices - 201Vehicle

I \

I i
I /

I _ S_

J ...._ S_

201 V.hi©l* Cotillon.on

Ik_*4_ Number 7

Stqte ! Forward 8klrt (2073" ° 2370")

i N _ N ° -

14_'C t2.555
I_ 40.809

7 MON 115,020
OFC 43.47O

SFC 37.221

HYC

.8 MON

OFC

SFC

HYC

m

. g MON
OFC

SFC

_c
I. 0 MON

OFC
SFC

_c
I. I MON

OFC

SFC

Material: Titanium

N Nommah -6017 Ibe/In
x

N Nomln*l: 001_ Ibe/ln
o

.8 0 1.o 1.1

13r803
49,305

IZI,067

_,472

30r030
15.205

52T800
120,705

49,201

42,2B5

i_ _2L

_5.323

13_.050

51,957

Iq_47o
17.031

1:_,802
04,493
_.405

201 Vehicle CO_llCUrlU_

SseUon N_ber 8

lnter*t_ (23?0.0" - 279'/.0")

N x _ N O

IIYC 17 _Rn

OFC _._46

_C 52.215

OFC
SFC

,0 MO

OFC
SFC

1. o MON

OrE
8Fc

1.1 MON
ore

s_c

_o ?os

102.1'3
50.878

M.t_rial: Titanium
N Nominal : -**_70 Ibe/In

x

N o Nommah 02701b|/tn

0 1.0

75 9_

178.628

108.330

_.320
_2 ao4

• e _a2

114.|oo

_2.503

2t,MH
S_.S_4

19L970

119,774

64,094

201 V*M©I* C o_llvr aU_

S.*cU_ Number 9

Stap 2 Low*r Sklrt
m

N z _ N

HYC I. 07_
lab 10.2Se

7 M_N 24,333
OFC 3.37_

:'lYE
_SS

,0 MON

OFC
SFC

_YC
U_

9 MON

OFC

SFC

|. o MON
OFC

SP'C

1.1 liON
O_C
S_C

M|t|rial : Tlta_um

N Nom_uh -0041 Ibe/In

N ° Nominal: 0041 Ibe/In

,8 0 1.o

x 799

10.520

20,010

a

1.1

2 c_2

2_.800

3,024

_O_

2.244
t0.9_5

27.014

4,03[

_.283

11.187

_8.908

41228
9,701

201 VSM¢[@ Co_l[uraU_

_pcUolz Number 10

l_f_riank (28412" - 3201,5")

N z _ N o -

_,_m ro.o. .?

.7 MON ic_ eM

OFC ._.110

S_C _ar557
HYC

8 MON

OFC

SFC

I'WC

9 MON

OFC

SFC

3P_C

m
1.0 _N

OFC
SFC

_c
1.1 _N

OFC

• SFC

Material : Tltanl_

N Nominal: -3_7 Ibe/ln
x

N o Nomlmd: 3m17 Ibe/m

8 I1 1.0 1.1

201 Vlklcl* Colfllplr|Um

[MIcU_ N_ber II

I_ lmd For_l_d Skirt (3201.5" - 3321.5")

N x _ No _

x o

It_C s.024

7 MON 34,010

OFC 33,014

SFC 10r253
HYC

• 0 MON

OFC

8FC

_c
• 0 MON

OFC

SFC

1.0 MON
OFC

|FC

I'PIC
B

1,| _N
OFC
SFC

Material: Titanium

N Nomlmd: -30_9 Ibl/Ln

NO Nommd: 30_lbe/tn

41.991

112,335

5grgg_
34,_00

.8 .0 1.o l.l

.V SO0

30*,704

08_Ze4

I]L2_

|d,3_0

41r188
40,102

12,895

13.T15
3a.43_

$4.R24

*S.041

lJ.7. S35
63.632

M,_5

12.ra3
48.047

1_t3.401

0T.074
_S.?03

I].4_I

50.840

7O,348

001_15
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Weight/Load Matrices - 202 Vehicle

Volume 2

_
\

t
I

202 Vehicle Coegi4_r aU o_

SeeUo_ Number I

LB2 Tank Cylle_er (609.?,, - 1910.2-)

N x t N ° _

I_¢C 75.973 86.041

_ 143.000 143.e_1
.7 _N 283.682 2O3.682

OFC

$FC 175,665 175,665

It_C 77,493 50,'_2

m 1511,151 1_,181

.s MON ns.a47 _ _s.s4?
OFC

SFC 175,814 175,814

HYC 83,493 90, le2

m8 IM,200 150,200
.9 MON 312,502 SLZ,502

OFC

SFC 175,962 175,962

h_fC 50,547 95.707

m 181,402 181,402

1.0 MON 325.438 325,438
OFC

SFC 176,111 175.111

C 95,777 101,251
194,500 194.500

1.1 ]dON 337,601 337. 601
OFC

8FC 176,260 176, _O

Material: A]unLtnum 2Z19 - T87
N Nominal: -9529 Ibs/ln. 202 Veh/c[e Co_fll_rst}_

x SecUo_ Number 2

N o Nomlnsl: 15,S66 Ibs/m. LH2 Tank Top Head

Nx _ N o

9 |.0 I.I _'-Hem _" Hem .7
x o

50.110 foe. 179 IIS _7 HYC

143.000 14_.ooo 14_.000
283. 682 286. _a2 263. e_2 .7 MON

OFC

175.665 175.665 175.66_ SFC

9_,458 150T513 I16,5(_ HYC

156,181 156,181 150,181

250.847 2_8.647 296.647 .8 MON
OFt

175,814 175,814 175.814 SFC

50,831 106,888 II$,90T HYC

160.200 150.200 150.2OO

312.502 312.502 312.502 .9 MON
OFt

175.9_2 175,_ _TP,_ SFC

I01.7_ 107. 262 117.24_ HYC 8.27O

181,402 I01.40_ I_,402 lS8

325,4S8 325,436 325,4_8 1.0 MON 6,887
OFC

17611U 176 r III 176 r III $1eC
150,7_ II2,ZO0 I17,67a HYC

194.50O 194.5OO 194.5OO m

367.601 _7.s01 _7.S01 1.1 MON
OFC

176.260 176.500 17_,_q_ 8FC

Material: AI.mhlum 2219 - T87

N x Hemle_l : -

NO Nominal: 8139 Ibs/in.

,8 ._ 1,0 I,I

_,441 10.612 11.782 12.955

7_871 8,8_. 9,838 10.822

_02 veb/cle Co_i_uraUo_

SeeHe_ _mber 3

Intertauk I (1910._" - 24_2.4-)

N x _ No _

IrgC 41._7

I_1 8O,2O 0

.7 _N 141,324
OFC

SFC 1_1,851

HYC

OFC

SFC

_c
•D _N

OFC

$FC

gc
1. O MON

OFC

llYC

B
1.1 _N

OFC

6FC

Mster_l: Almmkettm 2219 - '['87

N i Nominal : -13,577 lb|/in.

N O Hemlnal: 13,577 lbe/_n.

.8 .9 1.o

ss. xss

93.2O0

155,682

87184_

47.5_S

86.65O
150.760

82.m

58.937

162r1_7

9or_

_02 Vehicle Co_flguraUo_

8*etto_ N_ber 4

LOX Tank Bottom Head

N z _ No -

,., _He. _He. .7

.7 _N

OFC
SFC

ItYC

OFC
SFC

_c
OFC
SFC

C 9,750

1.0 _N e,113
OFC

BFC

64,502 _C106.20_

lm_t 150 1.1 _N
OFC

28,501 SFC

Mmrbd: Alumimlm 2219 - T87

Wx Hemmal: -

N O Hemla_l: 90t)1 Ibm/In.

.8 .9 1.0 1.1

11,117 12;497 13;877 15_7

6,_7| 10._ql 11.590 L_. 749

202 V_cle Coufllp_ratio_

8eetlom Number 5

LOX Tank CyliJ_der (2462.4-. 2827,8")

N x _ N o

N-l_m _-Nom .7 .8
• o

C 17.21n lS.S_l
32.92_ 32.925

.7 _N 7O. 180 70.180

OFC 50._ 50,_20
SFC

ItI'C IS, 222 19,563

_ 35.622 25.82Z

.e I,_N T3,88_ 73,882
OFC 50,507 38,507
SFC

I[YC 19,236 _.576

I_ 37,477 37,477

• 9 MON 77,3O9 77,3O9
OFC

SFC 32. 014 39.014

20,247 21,508_c
40,t49 40,'149

1.0 MON 80._0 80.510
OFC

C 21.260 22,601
43.720 43,71_

1.1 _N 63,51_ SS.519
OFC

SI_ 39,108 39,1 _

Material: Alumlnum 2219 - T87

N x Nominal: -6875 Ibe/m.

N O Hem/us/: 12,865 Ibe//n.

.9 1.0 I.I

19.692 21._2 _2._7_

32.965 62.9_5 a2._

7O. 180 7O. 160 T0.180
38,920 _8,6_0 38,92O

20,90a 2Z.245 23,550

35,822 35,622 50.822

73_502 T3,ssz 73,882
38,967 38,967 36,507

21,917 23.2_7 _4,698
37,477 37,4T7 37,477

77,309 77,309 77,309

_9.014 39.014 39.014

22,2z9 24,27o 50,6_3
40,449 40,442 4o,442

8o. 510 8o. 510 80.510

69.0_i 39.061 50.0_i

23T242 25_282 50_$23
43.760 46.760 46.7_

83.519 83.519 83,512

39,150 39,108 39, i08

2O2 Vehicle CoMllrurau_

SecUo_ N_ber 6

LOX Tank Top Head

N x _ N o -

_Hem_ .....
B_C

n_
.7 _N

OFC

SFC

NYC

.8 _N

OFt

2FC

_c
.2 MON

OFC

SFC

1.0 _N

OrC

_c
1.1 _N

OFC
BFC

V_ttsr_d: Alumlaum 2i19 - TST

N x Nominal: -

N O HemtMl: 4_07 lbe/in,

.8 ,2 1.0 1.1

4,589 5.212 5_855 6,427 7.14_

3,779 4. 618 4. 850 5. 508 S. |_
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Volume 2

Weight/Load Matrices - 202 Vehicle

!

t

/ t ' /

\

t
I

o

$02 v*bJcle Eooi11_raUon

_tlou Number 7

sty* I Fo_ard Sklrt IzH2_.#" - a061. I")

Nx + No +

It_C lo._,s

• 7 MON 4#, BB4

OFC

SFC 18,673

.$ MON

OFt
SFC

gc
,9 MON

OFC
SFC

gc
1.0 MON

OFC

SFC

gc
1,1 _N

CFC

SFC

Materild: Aluminum 2219 - T87

N Nmm*l : -804U Ibl/m.

N Nomlmd : 8069 Ibl/m.
o

8 | 1.o 1.1

201 VsMc|e CoufizursU_

84,ctioa Humber 9

stall* s Aft S_rt (3250" - 3447.6"}

N x l N ° +

_c S, s'n18,085
7 liON _,SW

OFC

|p_: 151460
IIYC

.S _N

OFC

SFC

_C

W

,I MON
OFC

SFC

gc
1.0 MON

OFC

SFC

gc
1. I _N

OFC
SFC

121397
_.071

61,481

13,8_
29.642

53r817

2_e211
18.;31

31,877

58T045

22r288
16.$41

33,854

88r139

|8.|sT

18TO_
21,_64

4|r718

1a.534

Materisl: Klumlnum _19 - T87

N Nominsl : -7889 lbl/tn.
a

N o Nomtmd: 'tee9 lba/tn.

| 1.0 t.l

44_

_ $8_

4_

18r_49

2O2 Vehicle CO_ilrmrsti_

S4_Uon Number 8

Intmrsta_ 13_1 1" - 3250")

N x _ N o _

x o

II_c 8,712

.7 _N 89,235
OFC

BpC 15,005
NYC

m

.S _N
OFC

SFC

m

•8 _N
OFC

SFC

1.0 MON
OFC

BFC

gc
1+ 1 _N

OFC

SFC

_02 Vehicle C o_/illur att_

_t$_ N_bmr I0

l_rtank 2 13447.6" - 3811.8")

N z I No +

o

BYC l_. 9_

31_343
7 MON 87, $0O

OFC

8FC Z3,'t_S

.s _N

OFC

SFC

.9 MON
OFC

8FC

1.0 MON
OlrC

Sire

1. l liON
OFC
$FC

_02 Vebtcls C o_fl_dr aUo_

_mttom Num_r 11

Staile 2 ForWard Skirt (3811,8" - 4088.1")

N + N +

h_/C 8.IN

mS 1_.¢49
,7 MON 47,8_

OFC

_FC 18)0_

.S MON
OFC

SFC

_C

OFC

IWC

1.0 MON
O_C

SlrC

l,l ILION
OFC

|to

Mlt_: Aluminum 8_18 - "1'87
N Nominal: -88_6 lbs/m.

N o Nomtul: 4835 Ib*/tn.

.s .8 1.o t.l

22r688
8D._

1_,107

101889
;4.O85

5|.$1S

18.8_7

llr|?J

$4,404

Ma_erlld: AlumJmtm 2219 - T87

N Nominal: +7897 lbl/tn.

N O Nomln$1:7887 Lbl/m.

8,84_S
BO,9,00

18.0_9

10,974

2|,500

43.221

|?,005
12,098

84_1M

45.010

13,303

25t700
44r882

80r_

14,619
3O.882

71.109

N Nomm*l: -5920 Ibs/m.

No Nominal: 88_0 Ibe/In.

.0 1.0 I.I

__ 16,278
_t.813

1T,920

_.8__71 _ _ _--

-- _ _%ss4 -- +--

19. _48
4O. l_t

SO.4S|

12,n9
H,489

I1. Sl_

C-18



Weight/Load Matrices - 202Vehicle

Volume 2

, ,[

f ",,I cr.)1 ,,I
)t j i4 / )1

_ 1_,'/_ I_

\

I
I

202 Vehicle CoufiguraUon

Seeli_ Number 1

LH_ Tank Cylinder (009.7" - t910.2")

N x t N O .

_'- _m _-" Nora .7 .8
x o

In'C 47,937 54.141

rl_ 81_803 84,863
.7 _N l12,_e 112,9O9

OFC

SFC 110. 271 110. 271

tn'C 48,894 S,t, el:_
L_ 88. 599 80. 599

8 MON 118.860 118.862
OFC

SFC 110.324 110,3_

C 5O.440 55,9_
92. 335 92,305

.9 MON 124.376 |24,370
OFC

SFC 110,077 U0,077

WfC 53.2._S _8.3_
I1_ 96.071 O9.071

1.0 MON 129.07.5 1_.52O
OFC

Sl_ 110.430 110.480

ItggC _. O23 6O, 778

_ 99,O87 99.O07

OFC

SFC 110.403 llo.4aa

Material : Beryllium
N Nomin_: -9529 lbs/m.

x

N o Nom_d: 15.666 lbs/_.

.0 1.0 1.!

60.125 66. 709 72. 994

84,863 841863 84,863

112.906 112,9_ 11219o9

110.271 110,271 110_271

60.914 071132 70t339

88,599 80,599 88.599
110. 802 118. 862 118.862

110.334 110.014 110.32O

61.421 07,890 70,907

92. 335 92,035 92,330

124.3_0 |14, _Tq 124. 378

110.077 110.077 t10.377

Aa.47s as.144 74.474

96. o71 90. o71 98. o71

12o.015 12o.02o 12o.5_

11o.43o 11o.43o 11o.43o

05,530 7o,180 75, o43

99.087 99. o87 99. o87

134.o66 12o.2o_ 12o._

llO.tS3 _1o _a 11o.4s3

_02 Vehicle Couflguratlon

Sectl_ Number 2

LH2 Tank Top Head

N x _ N o _

_C

.7 MON

OFC

$FC

•8 MON

OFC

SFC

I'P/C

9 MON
OFC

SFC

m'C 5.2O7

1.0 MON 4.314
OFC

8FC

HYC

l.l _N

OFC
SFC

Material: Berylllm

N x Noml_tl: -

N ° Nominal: 8100 Ibe/in.

.0 .I l.O II

0.ill 6.075 7r40_ 0rlii

4,931 0, _17 6.100 _. 780

2O2 Vehicle Codli_wiUon

SecU_ Number 3

Intertank 1 (1910.2" - 2462.1")

N• * N° -

o

l'n_C 20,951
0_ iS. 491

.7 _N 54,951

OFC

8FC 23,337
ln_C

.8 MON

OFC

SFC

• 9 MON
OFC

SFC

m
1.0 MON

OFC

61_

m
1.1 21ON

OFC
SFC

23,722

29.0i7

s7.8_

24.t17

Main rtal: _l_dll_
N _om_l: -13.577 lb*/m.

No _om_d: 13,077 ms/m.

.0 1.o 1.1

2_.SS2

29.6O0

80. 534

24,49?

28,010
30,1_9

60,O4O

2Ol07_
02.523

00,710

80r82O

24,057

2O2 Vehicle C o_llltlr |U_

8ecU_ Number 0

LOX Tank Cylinder (2462.4" - 2827.0")

N x _ N o -

llom _'- _om .7 .8

HYC i0_942 ii1056
m 2O. 121 2O, 121

.7 MON 27.082 27.091
OFC

SFC 23. 584 20.5S4

HYC II,163 12.4_7
llS 20. 245 2O. 245

.S iON 29,364 29.364
OFC

SFC 23,603 13. 803

HYC 11._ i II 99s

m_ 20,309 19, _lt
.8 MON 00, 72O 00, 72O

OFC

SIC 231622 l_,_il
I_fC 12,505 10,510

L_ 20,490 20,490

1.0 k/ON 31,998 01,998
OFC

8FC 23,641 23.641

C 13r 0_6 14_040
2O, 617 20,61T

OFC

8FC 23.680 23,660

Material : _eryUltu_

N x Nomlllal: =_iT5 Ibm/in.

NO Nomlmd: 12,885 ibs/In.

.0 1.0 l.l

12,2O9 10,983 18.996

2O I ill 2O, 121 2O1121
27.892 17.081 21 s_

23.584 2O.068 23.S04

10.490 14_0t_ 15t017

2O, _145 2O. 248 2O, 2O5

23.0O0 23.8O3 _ _loa

la._4 IS o_s la o_

20._8 20.3118 2O.369

00. 726 00.72O _0.7_

20.822 28.822 23.A22

14,632 10,528 16.058

2O.490 2o,163 2or493

23.641 2a._,41 2._._1

20.617 20.817 20.017

33.194 33.1_4 33. lt4

23,660 2O.O90 23.060

I02 Vehicle Co_fitur|tin.

8ecUon Number 4

LOX Tank Bottom Head

Nx i N -o
_- Nora _- Nora .7

x o

h'_C

,7 ION

OFC

8FC

HYC

.S ION
OFC

8FC

HYC

,9 MON
OFC

SFC

ICYC

1.0 MON
OFC

8FC

_c
1.1 MON

OFC
SFC

202 Vehicin Coaflgur|U_

Sectin_ Number 0

LOX Tank Top Herod

N x * N o -

_'-• Nora _o Nora 7

HYC

m
.7 MON

OFC

SFC

HYC

.S MON
OFC

SFC

HYC
BS

.0 MON

OFC
SFC

HYC

ms

1.0 MON
OFC

STC

_c
1,1 ION

OFC

8FC

M1in_lal: Beryllium
N Nomlmd: -

x

N O Nominal: 9091 lbe/tn.

.8 .8 1.0 1.1

6,391 7,2O2 8.11'4 9_O95 9ro97

5,301 6,0O9 8,810 7,570 0,331

Material: Beryllium

N Nomln_ : -
x

No Nominal: 43O7 Ibs/m.

.8 .9 1.0 I.I

2,789 3.170 3_566 3,654 6,343

2,283 2,6O9 2,2O6 3,2O2 3,008

C-19



Volume 2

Weight/Load Matrices - 202Vehicle

:jillI

t

I",, fl I-',,I ....

12\1_I_,_t_1:.1:_.£_.,,:,...I %

t

I

202 VeblcSe Co_4psrsUon

kctto. Humber ?

5We I For_ard Skirt (2627.8" - 3061, i")

N l _ N -

o

HYC 4,6JO

mS 8,072

.7 MON 12,m

OFC

HYC

e _N

OFC
SFC

8 MON

OWC

8FC

1.0 MON
Oleo

81VC

1.1 {,WON

OFC

8FC

4,29O

tt,m

4r_

blstQr_al : Beryllium

N x Nomlmd: -8068 lbl/tn.

N O Nominal: SOS{ Ibm/in.

4,247

4,058
20,4N

_r282

7,_30
2,2?8

21, T94

e,:)lO

8,o78

U,SN

202 Vehicle Caefq_.u_

S_t_ Number 2

Iuter.tq$e (2(_{1.1" - 3250")

N _ N -

b'YC 8,478

m 2,S28

OFC

BFC 4,850

m

.8 {dON

OFC
8FC

m

• 9 MON

OFC
8FC

_c
1.0 MON

OFC

__c
1.1 MON

OFC

UC

Material: Boryllium

N x _mlnal: -7897 lb41/ln.

NO Nomin&l: 7847 lballn.

s .9 1.o 1.1

8,002

18,081

4f$T8
8. 281

$,411

16,804

2.U2

17._01

8,801
T.2118

S.8JO

_02 vokl©le Ccmftmu-a_

_tiou Number {

Buq_ 2 Aft mdr_ (32_' - ,_447.8,,)

_ _ No-
rm r _m .7

x o

R'_C 4,272
I_ 4.8D

.7 iON 1_.777

orc

2rc _,7_
_Yc

m
.8 _ON

OFC

8FC

_YC

_m

OFC
SFC

_YC

I. 0 MON
O_C

8FC

1. I _ON
Olre

8yc

e,lo_

_,18o

M_ter_l: Be Ilium

N I Nommah -7_ lbs/in.

N Nominal : TM_ tbe/t_.
o

5._40

e,_3

17,2oo

4r442

2.17P

7,oe4
12.o#_

2,7J4
7,878

18.7m8

4,0e|

JOt V_©I. C_M_ureu_

B,,_nkmm Num_r 1o

IM_mk 2 (3447.6" - 3811.8")

_m W" Nora .7
x o

_C 8_N42,m

.7 _N II_,ln18
OFC

8_ 7,?$4

.2 MON

OWC
SFC

• 0 iON

OFt
8FC

m

1.0 _N

OTC
JFC

In'C

J

1.1 18ON
O_C

|rC

7,701

8,7_

8.JO8

14aSertal : _rylU,m_

Nil Nominal: -4810 |bs/i_.

N O Nominal: 492O lbe/_m,

8,448
10,4_

28. 957

8.80!

8,$41
10,N$

8.JOe

IO,OJO
I1.TJO

41.JO8

20g Veh_ote Coe$qp_raU_

IlmeOou N_lnber 11

8tqlm _1 Forward _rt (3811.8" - 4O85.1")

_._ _ N o -

C 4,44OS,854
.7 _ON 1|,,_7

OFC

S_'C 4,W_
_rYc

m8
_ON

OFC

SFC

_YC

m

._ Y_ON
OFC

SWC

I. o MON

OleC

8FC

I 1 MON

OF(:
sl,'C

}M,¢¢I

M.te_st : her'/Ilium

N Nominal: -4084 lbs/t_.

NO Nominal : 8842 lbe/_n.

4,454

?,0_2

JO, JOll ----.

_,_

8, no

?,_21
41,188

8rRm

4,4_

41,4't?

2.4m'8
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Volume 2

Weight/Load Matrices - 203 Vehicle

r_

, / ,/I
\ ' ',/ :h ,

2O3 Vehicle Ccaflgural/_

_ectiov Number I

Thief Take_t (710" - 960")

N x _ N o -

_'- I_m N-- Nora .7

InrC 19,681

_ 46,691
• 7 MON 100,307

OFC

SFC 34,696

HYC
ISS

_ MON

OFC
SFC

_C

•9 MON

OFC

SFC

L_

1.0 MON

OFC
SFC

II_'C

1.1 _N

OFC
8FC

Material: Aluminum 2219 - T87

N x Nominal: -9098 1be/in.

N o Nominal: 9O58 Ibe/ln.

22.2O9

51Tl19

108,599

I 39,7O8

.8 9 1.o 1.1

203 Vehi©le C_tguraUon

SecUo_ Number 3

LH e Tank Top Head

N x * s o -

N_x Nora N'- Nora .7

HYC

7 MON

OFC

SFC

HYC
_S8

• 8 MON

OFC
SFC

HYC

188
,9 MON

OFC

SFC

_I_C 17,495

1.0 MON 14,570
OFC
BFC

JtI'C

1. l _N
OFC

SFC

24,714

55,706

110r497

43r0_3
27,208

601423
115,072

44.457

Material: Alumln_ 2219 - T87

N x Nomlmd: -

NO Nominal: 8138 Ibe/ta.

29,703

96r850
119,373

49.656

.8 .3 1.0 1 1

19,973 22_451 24r929 27r407

16.651 18.732 20.814 22.395

Material: Al_mum 2219 - T87
2O3 Vehicle Cmaftgurstion N Nominal: -5248 lbe/In.
Section Number 2 •

, LHz Tank Cylin_vr 960" - I05_.8") N O Nominal: 13,913 Ibe/in.

N z N
o

Nx Nora _o Nora .7 .8 9 1.0 1.1

HYC 7.37_ 8.363 9.350 IN _3R I1323

ms 18.559 19.559 is 55_ l_ s_Q i_ s_

7 MON 31.367 31,367 31,367 31.367 _1 3_ 7
OFC

8FC 19r223 19,223 19,223 19.223 19.223

HYC 7,418 8,391 9,383 I0,338 iir351

IS8 16,715 10,715 16,715 16r715 191710

.8 MON 33,022 33,022 33,022 33,022 33r022
OFC

SFC 19,313 19,313 19,313 19,313 19T313
HYC 7.461 8.440 9.405 10.399 11 37_

[SS 16r872 19,872 16.872 18.872 lO.a72

9 MON 34,554 34,554 34,5$4 _.354 34.554
OFC

SFC 19r409 19a405 19,405 19.405 19.405

HYC 7,504 8,480 9,436 10,420 11,407
I_ 17170 17,170 17,170 17,170 17,170

1.0 MO_ 35.934 35,984 35,984 35,984 35,984
OFC

BFC 19,496 19r4 _ 19149_ 191496 1914 _
FIYC 7.552 8,523 9,494 10,464 11,435

I_ 17,185 17_185 17,185 17.185 17,185

1.1 iON 37,329 37.329 _7 3_ 37.329 37 32_
OFC

SFC 18,5_7 19,087 19,587 19,587 19,587

203 Vehicle Co_lUOn

_tlom N_ber 4

later'tank (1058.8" - 1685.7")

Nx * N o 4

IIYC 48r219

1_ 117r620
7 _N 249,O52

OFC

SFC 36,14_

.8 MO_
OFC

SFC

ItYC

• 9 MON
OFC

SFC

IrgC

1.0 MON
OFC

8FC

_c
1.1 MON

OFC

SFC

Msterial: Ahimmttm 2219 - T87

N x Nomlmd: -8823 lba/la.

N O Nominal: 8823 lbs/la.

.8 .9 1.0 1.1

54,425
1_,684

262,190

93.46_t

60,581
139,598

274,353

I04.522

_,655
151,807

285,711

72,759

198,750

28_r389

115.728

2O3 Vehicle Co_flgmraU_

S¢.ctlo_ Number 5

LOX Tank Bottom Head

Nx _ N O

_=- Nora _-- Hem •7

HYC

? MON

OFC

SFC

HYC

U_

9 MON

OFC

SFC

HYC

9 MON

OFC

SFC

HYC 39,92?

ms

1.0 MON 33,429

OFC

8FC

HYC

m

I. 1 MON

OFC

8FC

Material: Aluminum 2219 - T87

Nx Nominal: -

NO Nominal: 24,209 Ibm/in.

.8 9 1.o 1.1

45.612 51.297 56.982 62._87

38,204 42,980 47.755 02.531

203 Vehicle Configuration

S_cUo_ N_ber 9

LOX Tank Top Head

Nx * NO -

W- Nora _-- Hem .7
x o

HYC

mS

? blON

OFC
SFC

HYC
tSS

8 MON

OFC
SFC

HYC

mS
•9 MON

OFC

SFC

FP_C

1.0 MON

OFC
BFC

HYC
m

1, l MON

OFC
8FC

M_t_rial: Alumin_2219 - T87

N x Nominal: -

N O Nominal: 43961bs/m.

.9 .9 1.0 l.l

9,483 10,815 12.149 13.481 14.814

7,839 3.956 10;0?3 11.195 12.314
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Volume 2

Weight/Load Matrices - 203 Vehicle

""::-"i , I...i/ ! .¥ ,I' ".II ,, / '/', 11 ' "'-'",
I t I I

.., , ...I.-- _ --

203 VeIdcle CodtI_rlU_

BIeU_ Number ?

State I Fo_nrd Skim (16R5.7" - 1D37,2")

7
Nora -- Nora

x o

13r031

h"LC _ --J
.7 M_N

OFC
9FC 1r7,757

.e _N
OFC

SFC

_c
.9 MON

OFC
IFC

_c
1.0 _N

OFC

81VC

1. | MON
O1_

P,FC

Mator/a_: A]u_ S218 - T87
N Noml._: -5640 lbi/_.

x

N o Nomlu_: 5s4e lbi/Ln.

.s .I l.O 1,1

14,048

3f,150

68,553

_1S33
16.S54

41,800
921M1

311_|

t?,_44

44,531
N,4OT

33,79I

.....

I

I 19.434

47r304

lOOllO$

I4,m

30S ve_eie Cod_plrlum

Bocttoi N_f_r 8

IohIrotqle (]937.2" - 2465")

N x _ _"
'_x Nora o I_m .7

I 73,819
• ? _N 173, _2

OFC

|1_ M.43S

m
.S liON

OFC

SFC

!

• 9 MON
OFC

STC

IffC

I

1.0 _N
OFC

___c
1.1 IN

OFC

31,07D

79t117
181,337

60,397

M_al: AJundnum 321s - T87

N Nom_:
x

N o l_ul :

S3,344
8S,097

1OP,?5L

S3.S4O

35T402
|l,09O

lpT,s0?

M,?SS
28,H1

M.t?3

3O4,093

79,_s

303 Vekiel* C_d_lU_

Sectloe Number 9

Nom _om .7
x o

HYC I._O

! II,_4S

.7 MON MrT0?
OFC

SrC S. 7M

HYC

JS
e MON

OFC

8FC

• _ MON
OFC

8FC

_c
1,o IdoN

OFC

I_C

1,1 liON

OFC
|rC

3,010
13,333

_,|le

_,31e

Mmrl_l: ._lu_mem 3Sl| - TO?

N Nomla_l: -_10_ Ibi/tn.
x

N o Noml_: 5|0_ I_/L_.

3,2?1

lSrSSO

39_420

9p814

31_3_
14,164

30,638

I0,_5

3|,'_4

_0,?_7

10S Veklel* CoiKi_rat/o_

Number to

Int_rtlk 2 (1548" - 2852.7")

N _ N ° -

_C I,O?e
1_,745

.7 _N S0r310
orc

pfc z.,_z
h'Y¢

.s _ON

OFC

SFC

IfYC

,_ MON
OFC

SFC

1.o MON
O_C

1.1 MOW
O_

Veh/ele C om_l_drsld o_

Number 11

8_q_ S Fo_zrd 8k_r_ (3552.7" - Sm,?")

N x _ N o -

I'P_C 370

I II'M_

OrC

IF¢ 1.0U

_c
s _N

OFC

SFC

_C

m
D MON

OFC

SFC

1.0 _N

OFC
IFC

__c
1. l I)N

oFC

IFc

Hlttodd: _I _II - ?07

N z _om/mJ: -131fl lbilm.

NO Nollul: S_I? IbiIIi.

}I.|l?

I4.SHI

_,I1e

.I .I I,O I.I

404

I,el_

6,104

1.100

31010 ____
T,II4

1,13_

5H

$_II0

?,IM

Ii|IO

Hdorld: I l_ll - TO?
N _am_l: -M4e lbl/La.

N o Noed_d: M4S 15_/m.

431

I,l?I

1.0M

11,1_o

_7,?ie

$?,45S

131114
II,l)ll

N,MS

$0n834
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Volume 2

Weight/Load Matrices - 203 Vehicle

i i YY'Y I
• pS

III : I,I'iII
: _' I I)\A

./ _ _k_I/.I _ I /,L,_-JI

I
I

I

I
I

I
!

%

t
#
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203 Vehicle c_iiutltl_

secttoe N_ber 1

Th_$t Take.at (710" = 960")

N x _ N o -

I_C 10,383

_ 13,033

.7 MON 39,OO2
OFC

SFC 11,S08

HYC

k_
.0 _N

OFC

SFC

I_C

.0 MON

OFC

SFC

1.0 MON

OFC

SFC

,7
1.1 _N

OFC
SFC

11,5_9
14,022

4h080

121359

Material : Bet ylli_um

N x Nominal: -0833 ibl/i_,

NO Nominal: 9058 Ibm/In.

12,679

15,411
43,985

13,1Z2

13,808
16,333

44,744

14p089

08.41_

14,334

Mlte_al: I_rylllLu_

3O3 Vehicle Coaf_ptrition N x Nomtmd: -3248 lbs/ba.
SecUca Nomber 2
LH2 Tank Cy_nder (08O" - 1050,0") No Nomlmd: 13,913 lbs/tn.

Nx J N -o

HYC 4,300 3,221 5,832 8,482 7,113
ISS 8.130 8,1_ 8,126 3,1_ 8,120

.7 MON 12.494 12,494 12,404 12.494 12.494

OFC

SFC 12,127 12,127 12,1_7 _;,_Z7 12.127

HYC 4,614 5,208 5,87O 8_408 7r127
_S_ 0,333 8,353 3,333 3,353 8,333

.0 MO_ 13,153 13,133 13,153 13,133 13,_53
OFC

SFC 12T108 13r168 12T168 lar108 12,168

C 4,644 5._2 5.33O 3.310 7.141
3,58O 8,58O 8r080 8,08O 8,08O

.9 MON 13,733 13,733 13_783 13_763 131763
OFC
SFC

13,308 11,2O9 12T2O9 1Zr089 IZrZ08

C 4_087 S,SO4 5,_2O _,5_§ 7,_48,3O7 8,3O7 8,807 0,0O7 8,8O7

1.0 MON 14.333 14.333 14.333 14.333 14.333
OFC

8FC 12.249 12._4I 12.249 12.24_ 1_,_

HYC 4,73O 5,$40 5r008 3r080 7_170
! 9,O34 9,084 0,O34 9,O34 9,O34

1.1 MON 141080 14.888 14.868 14.868 14,8_
OFC

SFC 12.080 13,080 12r080 12,B90 12,290

2O3 Vddcle Coaflp.Uon

Sect/ou N_b_r 3

I_l_ Tank To_ Head

N x _ N -o

x o

Hie

m
,7 MON

OFC

$FC

HYC

• 0 MON

OFC

SFC

HTC

.9 MON
OFC

SFC

_c
1.o MON

OFC
SFC

_c
1.1 MON

OFC
SFC

2O3 Veb/cle co_ftz_rlu_

Secu_ Number 5
LOX Tank Bottom Had

N x _ No _

_'- l_m _ I_m .7

In_C

• 7 _)N

OFC

SFC

.0 _N
OFC

SFC

HYC

•9 MON
OFC

SFC

m
1.0 MON

OFC

life

m

1.1 _N

OFC
SFC

Materlal: BeryUlum

N Nomt.l: -
x

N ° Nomlmd: 8138 Ibi/ta.

11.017 12.589 14 121 15.375 I_.2_

9,127 10,431 11,735 13,033 14.343

Material: Beryllium
N Nomt.l: .

x

N o Nomttud: _4,2081bi/tn.

26,133 29,850 33,565 37.280 40.995

211844 2.4,964 28.085 31205 34.32_

2O3 Vehicle Couftp.u_

8eeUou Numb. 4

lutertal_lk I (1008.8" - 1005.7")

Nx _ N o _

x o

Itl'C 25,534

_ 33,837

OFC

SFC _r652
In_C

.0 MON

OFC

SFC

I'nfC

.0 MON
OFC

SFC

1.0 MON
OFt
8FC

1.1 _N
OFC
SFC

ZS,308

$6,613

I01._

30.643

Material: Beryntua

N x Nom_sal: -082O tb_/_.

N O Nominal: 8823 lbs/in,

31,144
33,610

108,877

321537
33,969

41,097
111,083

2O_ Vthicll Co_i_r ati_

Ssct/ou Number 6

LOX Tank Top Head

N z _ No _

InCC

.7 MON
OFC

SFC

IPCC

,3 MO_
OFC

$FC

tnfC

_S

9 MOll

OFC
SFC

_c
1.0 MON

OFC

_c
1.1 _N

OFC

SFC

Mater_al: l_ryntmz

N x N_tmd: -

N O Nominal: 42_6 Ibs/In.

08,808
43,5OO

115,245

35,347

5,891 _,711 7,531 3,330 9,170

4r82o 5r308 3_137 61885 7,374
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Weight/Load Matrices - 203 Vehicle

I
/ sl_ o ",

I Olo
II • o

",, II'o ,'
t,J.+ -"

+ ++ ++,+

I
I
I

I

I

I
I

I
I

I
t

o SO

2O3 Vehlel. Co_ll_rlU_

8eeUm_ Numblr ?

Stal_ i Fo_ard skirt (1685.+" - 1937 _')

N x _ N o +

HYC 7,O88

mB 9,437
? MON 32,7O7

OFC

SFC 11,143

If'_c

,S _N

OFC

SFC

I'n(C

9 MON
OFC

SrC

_c
1.0 MON

OFC

81_C

_c
1.1 II_N

OFC
SFC

141¢ertll: Beryllium

N x Nommil: -5648 Ibl/ia,

NO Ncminld : 5848 Ibl/m.

,8 .8 1,0 I.!

7,90e

10.el?

34.432

_n773
8,745

t _,344
_S.029

1013Sg
g,S54

12rS04

37rS21

I0,_00

10raSe
I$r621

S8,023

1ITS10

223 Vehicle COldllttr lUon

Semtl_ N_l_r 8

Intlrltlle (|937.2" + 2465"}

N x 1 N o -

HYC 14, 211
_ 19,185

•7 lION 66,9??

OFC

SFc xs, 5_
ItYC

.s _N

oPc

sYC

I.I_C

,II MON
OFC

SFC

_C

lIB

1,0 MON
OFC

8FC

1 1 14ON
OPC
8FC

Mltlrlld : 151rylllum

N x Nominal: -6312 Ibl/In.

N ° Nomllal: 531| Ibl/in,

,8 .gl 1.o 1.1

15.781

?o,510

L9,8+2

17.441

23r04_
?St?S1

I1,114

Xp,+S8
141TM

7e,CI4l

20r+52
27.0+1

79,707

23154e

23S Vebl©le Coe_l_lU_

8ooUom Numblr

Slap 2 Aft _sJrt (24_" - 2M#")

; N x + X +

I_.0. _.o.o 7
H_C 1,413

Z,04+
,? )ION I0, 3+5

OP¢

HYC

S _N

OPC

SFC

NYC

OFC

SPC

InfC

1.0 MON
OFC

+7C

I 1 MON

OPC
+FC

Material: BeryUtum

N x NOBIMI: -510Q lbl/tn,

N Nominal: 510e lbl/tn.
o

.8 II 1o l.l

1+_12

3.12_ I

$i04_3
1,810 __ ___

3,_
2,009

3.759

11,_13

|i 23'_
4, 07+

I|,$M

235 vebJclm C OlSflll_rlU_

_tloe Numl_r I0
Int_rtllJ_t 2 (z_48" - 2852.7")

N x _ N o +

_ o

N_C S, 119

m 8. S_
.7 14ON 31,230

OPC

+PC 8t_8
N_'C

.8 MON
OPC

+FC

. I MON
OFC

+PC

_c
1.0 MON

OFC

8FC

|. 1 NION

OFC

, |FC .

Idaloriat : _mrylllum

N a momlmd: -234S Ibl/tn.

N O NOlalIllI: I_4+ Ibm/in.

+m l i,o Ii

_.708

8,_37

3araSX

8rSO?
0,148

+4140+ ......

9,1_ +

__ LOLt

30 8_ _--

91+23
T.+T'r

lO,61_

371123

t0,HI

233 v*hlele Co_lluntl_

S*eUm Numk*r 11

2 Forward SkJrt (2852.7" - 2888.?")

N x i N o _

_C 2tl

m 7_

,7 MON I,llql
OPC

+I'+ e23
I,TYC

• II MON

OF("

SFC

HYC

MON
OFC

SFC

|, 0 MON
OFC

IIFC

IIYC

L. 1 liON
oPC
SFC

_41

?4+

_ln SlI9

U4

Material : Beryllium
N mommil: -2323 ib*/tn.

N momlmd: 2323 lbJ/tn.

!

.| 1.0 I 1.1

I

_70

_,723
-- 1

787

!,832

?40

318
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Weight/Load Matrices - 301 Vehicle

Volume 2
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301 Vehicle C rafilpzr ation

Section Number 1

Th_st T*keout (500" - 770")

N t N
o

N x _m _ Nora •7

}P_'C z_, 170

7 MON 123,886

OFC 109,395

SFC 4_, _4_

HYC

IS.S
•8 MON

OFC

SFC

I'PI'C

•_ MOIl
OFC

$FC

_c
1. o MON

OFC
SFC

OFC

SFC

_Z,979

70_000

1301422

115r948

51r199

Material: AlumLnum 2310 - T87

N Nomtnal: -12,031 lbs/m.
x

N o Nominal: 13.831 lbs/m.

361758
74.372

136,_72

124ro42

541353
40r?Ol
78,745

142.132

13o,753
52.Oll

44r649
83,117

147,434

1371103
647187

301 Vehicle Configuration

Seeti_ Number 2

LH_ Tank BoUom Head

N x _ N o _

ItYC

.7 MON

OFC
SFC

ItTC

.S _N

OFC
SFC

IIYC

.9 MOI_
OFC
SFC

IIYC 18,758

1.0 MON 15.501

OFC
BFC

_c
1.1 _N

OFC

SFC

Material: Aluminum 2219 o T87
N Nominal: -

x

N o Nora(hal: 7753 lbs/in.

21.411 24.05b 26.718 29.371

17,830 20.050 23,28? 04,516

301 Vehicle Co_liguration

SecU_ Number 3

LH_ Tank Cylinder (770" - 2280")

N x _ N O

HYC 124,563 140,403
LSS 263,856 363,556

.7 MON $05.057 585.257

OFC

SFC

HYC 127.80_ 141 474

ISS 2811659 381._5_

.8 MON 616_132 616,_32
OFC

SFC

HYC 134,494 140.910

IS_ 294.161 294T161

.9 MON 644,714 644,714
OFC

SFC

HYC 14_._56 151.t39
I_ 316.615 316.61_

1.o MON 671,404 671,404

OFC

SFC

HYC 154.000 158T855
I_ 345,887 345,587

1.1 MON 696,490 696,498

OFC
SFC

Material: Alurcdaum 2219 - T57
S Nominal: -88O6 lbs/L_.

x
N Nominal: 15.473 lbs/m.

o

.9 1.0 1.1

155,455 172,648 I_.938

363,855 063,85e _§_.066

585.157 585. 257 585,257

3SI.659 2Sl.S_g _1 as_

516,13_ 51e.132 61S 132

15S. 386 174.201 190 _S

304.161 294. lSl 2_4.161

544,714 644.714 644 714

160.276 175.09S 1_5_09_
316.615 316,615 010,615

571,404 571,404 671.404

157,_ I?S.?_4 191 SI2

345,587 345, _87 345.887

596_49S S96,490 d�S.49e

301 Vehicle Coal(gut Jtlon

Se_ti_ Numder 4

LOX T_k Cylinder (2280" - 2328")

N t No_

Nx l_m _ l_m .7

tl_'c 3,5?9

II_ 4,o20
.7 MON 10,211

OFC
SlrC

HYC 2,S79
I_ 4.411

.8 MON 10.749

OFC
SFC

IIYC 2,679
1._ 4,798

.9 MON 11,248
OFC
SFC

It_C 3.679

_ 5,100

1.0 MON 11.713
OFC

SFC

m'C 3,679

_ 5.5es

1.1 _N 12r151
OFC

SFC

Material: Aluminum 2219 - T87

N Nominal: -1857 lbs/ln.
x

No Nominal: 11.065 lbs/in.

.8 .9 1.o 1.1

3,059 3,440 3.821 $, 201

4,030 4,020 4,030 _.020

10.211 101211 10.211 _.211

3,059 3.440 3.821 t 201

4,411 4_411 4_411 4.411

10,749 10,749 10,749 i0174 _

3,059 3,,140 3,021 4.201

4.798 4,798 4,798 4_798
11.248 11.248 11.2A8 II

3.059 3_440 3_821 4._

5.180 5.189 5r189 5_189
11.710 11.713 11.713 11.713

3.009 0.4_0 _ a_l 4 _nz

5.580 5.508 5.500 5.580

12_151 12.151 12.15_ 13,151

C-25



Volume 2

Weight/Load Matrices - 301 Vehicle
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301 Veblcl* CoUltlplr lU_

B*mUoe Numbor $

I+OX Tank Top Held

N x _ No
_- 14ore _- Nora .7

HYC

m
_7 MON

CrC

8TC

HYC

m

.8 lION

OFC
8FC

HYC
ms

, l MON

OrC
81PC

I. 0 lION
OPC

8FC

I. I lION
OWC

8PC

Mll_da]: Aluminum 2319 - TB'f

N Nomluil: -

N o Nominal: 4,8U Ibs/In.

I|,M0 13nU5 15,710 17,436 19.159

10,14S ll,Sll 13.040 14,489 IS.gS8

) I J
J 1_j

I I _

301 VIM©hi CoafklUril£oa

mmm_oa N_b*r $

Forward Nltr_ (_328" - 2't24")

N _ No_

IIYC 14,_e

,7 _N 110r2811
I_83o,c ,.:,_

_rc
i(Yc

8 MON

olrc
8FC

](If(:
[m

.e lION

OFC
Jll_:

1.0 MON

OFC

1.1 MON
ore

SFC

|_,$74
MLSS4

116.1N

GQ,0_

3Lisq

Mmrid: AlLLmlnum 2,119 - T87

N Nomtmd: -38OO lbe/m.

N o Nomlu_ : 388O lbs/tn.

l?r_l

49r616

1|1T4|3
53.137

3e_41s
tJ.l$$

$1r748
IM,6n

_1,011

41rue
31,034

5SrST7

131r_1
58,744

43,ssX

aOl veldeJ* Coa+LlUrsu_

mmUee Number 7

llmtm_nt vrdt (2724" - 2844")

N x _ N o _

I_C 3,m

B la. $T6

_7 MON U,N6
OFC ItS, TI|

HYC

.8 I4_N

OFC

.0 _N
OFC

1.0 lION
OFC

UC

__o
1.1 MON

OWC
|FC

Itlldm lqsl : +qJumlxmm 3_19-T87

N x Notable/: *375Z Ibl/tu.

N O NOmUIII: $?55 Ibs/tn.

.8 .J 1.0 1,1

4,I_S
11,710

_t516
II,TU

_,_o

II,lll

10.1_1

13_e4_

H,III

6,5'18

14r OT'J
_,4N

STIRS1

11r601
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Weight/Load Matrices - 301 Vehicle

Volume 2

f
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111_ j

I 11
_ ........ .,.,i__

301 Vehicle Cov.figuratl_

Secti_ N_ber 1

Th_st Take_t (500" - 770")

N x _ N o -

_'-I_m _'_o _m .7

In(C 22,57O

mS 77,411
.7 _<_N 167.633

OFC 139,1183

SFC 571201
ItYC

.8 MON

OFC

SFC

l'nfC

.9 MON

OFC

SFC

m'C

1.0 MON

OFC

SFC

1.1 _N

OFt

SFC

Mnterial : Titanium

N l Nominal: -12,831 lbs/ln.

N O Nomimd: 12,831 lbs/in.

.8 9 I.O 1.1

25.190

84,?90

179r477

1499119

95r9_

27,796

91,755

184,6_4
154,983

W,?W
301391
98,924

192._08

_93_369

7},q104

301 Vehicle Com/lfuraU_

Secu_ Number 3

LH2 Tank Cylinder (770" - 2280")

N z 8 N

HYC 107,339 113,950

m8 312.925 312,925

.7 MON 791,434 791,434
OFC
9FC

HYC 112,10_ U8.045
It_ 337,977 937,977

8 MON 833,185 833,185
OFC

9FC

392.231 3192.2._1

.9 MON 871,897 871.837
OFC

9FC

I_C 121.0@9 127,2tP1

1_ 393.132 393,132

1.0 MON UOT.U_ 9O7,929
OFC

8FC

C I_,a93 190,417419._ 418.084

I.l _N _1.894 941.$_

OFC
9FC

32,976

10Q, 3J

19914N

171r 340
77,247

blsberlaJ : Tlt_Jum

N x Nominal: -8806 lbs/ln.

N Nomtu_: 15,473 lbi/tB.
o

9 1.0 1.1

121,457 129. 592 1_. 193
31_.929 312.SRS _t_ I_

791.494 791.434 7_1.4s4

125.123 132.899 1_1.1_

397,977 337,977 337.9_

839,185 833,185 939.185

362.231 _2 _1 S_± _1
971.937 971.S_7 Iv1 _

1321489 13_,51_ _7._
393,132 393,132 9931132

9O7,929 9O7,929 907_9

139,651 142r_ 1501340
419,olH 418.064 418.064

n

301 vehicle Co_flgursu_

_¢t_a Number 2
I_ T_k Bottom Head

mcc

.7 MON

OFC

9FC

.8 _ON
OFt

SFC

_c
.9 MON

OFC

SFC

_c
1.o MON

OFC

91_

gc
I. 1 _N

OFC
SFC

.8

Material : Tit_nl_

N x Nominal: -

N O Nomiual: 7753 lba/ln.

$ I,O l.l

11,988 13,874 15_MO 17e0.46 18,732

9,914 11,330 12.747 14.163 15.579

301 Vehicle Ca_Ig_rau_

secttom N_ber 4

LOX Tank Cylinder (2280" - 2328"}

N z _ No -

_I_C 1.730 1.973
4._1 4.11111

.7 _N 13.799 13,799
OFC

9FC

In_C 1.730 1,973

m 4.311 4,311

.8 _N 14,521 19T521
OFC

SFC

II_C 1.730 1.973

I1_ 4,59O 4,56O
.9 _N 15,1_ 15.194

OFC

SFC

l_C 1._30 1.973

m 4.810 4.310

1.0 MON 15,829 15,8_3
OFC

It_C 1,73O 1. 979

! 5,O72 5,O72
1.1 _N 19,415 15,415

OFC

M_er_ai: Tl_mlum

N Notated: -1857 lbs/m.

N o Nomimd: I1.0_5 lba/tm

.9 1.0 l,l

2.21s 2.458 2.?c0

4,061 4.0_1 4.061
13,799 13. 793 13. 799

2,215 Z.458 2.7OO

4.311 4.311 4.311

14,521 14.521 14.521

2.21s 2.4sa 2 _n

4.56O 4.56O 4. S_O
1_. 194 IS. 1_4 I5.194

2.21s _.4_ 2.7oo

4.810 4.810 4.8x0

15.82.3 15.823 15.8Z_

2.215 2.45_ 2.70c

5. O72 5.07_ S. 97_

lel415 16r415 191415
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Weight/Load Matrices - 301 Vehicle

f f

/
/

/
I
X
\

\
/

I J

L _11_ j

301 Vehicle Co_fqNrlUon

SecU_ Number

LOX TLnk Top Hnd

N x _ NO +

H_C

mS
7 MON

OFC

_c

e MON

OFC

SFC

BYe

tm

•9 MON

OFC

SFC

1.o MON
OFC

1. I NON

OFC
81,c

Ms_ : Tltani_

N x Nominal : -

N O Nominal: 4828 [be/h1.

,B .9 l.o

It+0S! |,141 10.No ll,$a0 12.499

0,58 _ Vls_q e,_s o,4os 10iS4 $

301 vehicle Coufllurl_on

_l_oa Number 8

ForWa_ lklrt (232_" - 2724")

, N x I N o -

x o

m

.7 _N

OFC

_Vc

HYC
m8

S MON

OFC
BFC

HYC

ms
.9 MON

OFC

SFE

1.0 MON

OFC
81_g

1. l _N
OFC

BFC

5Sa204

149,3SS
SS,94S

44,eS9

14,492

58,80S

157.104

63,015

47._3Z

Mit e ;-xaJ : Titanium
N Nominal: -_e0 lbo/m.

_o Nommah SeS0 lbl/m.

15,8e5

_,ssv

15.e3o

e4,_p5

70,_2

17,|8_

70.449

73,e91

301 Vohfelo Coafl4PlrsUo.

8eotton Number 7

IMt_mm unit (2724" - _B44")

N x _ No _

_m lF_m ,7
_ o

II_C 3,555
ms 14,980

v _N 39,331

O FC 37, O35

SFC 11,_$

HYc

m_
.$ MON

OFC
SFC

_C

t_
•_ MON

OFt
SFC

1.0 MON

OFC
IlleC

I. ! MON

Malerlll : Tlt_Ulum

N Noml_: -S?SS ]be/tu.
x

N NomlMJ: 3753 lbs/m.
o

,_ | to 1 1

3r881
IS,_?9

41.291

38,59|

_,_
4,|01

17,1Ol

43, _0e

41,094
13.470

13,s75

14.113

30.0_)0

4_,476
46,4M

14,el_
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Weight/Load Matrices - 301 Vehicle
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/
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_..Air -, _t

I "
I J
I
[ _ 11Ij

301 Vehicle Cordl_aration

S_etl_ Number 1

Thrust Tak$_t (300" - 770")

o

N x _m _-" _m ,7o

IIYC 14,944

tS_ 19,396

.7 MON 43_171

OFC 194,393

SFC 15,9_4
IIYC

mS

,9 MON

OFC
SFC

IIYC

.9 MOI_
OFC

SFC

HYC

1.0 MON
OFC

8FC

_C
B

1.1 MON

OFC
SFC

18,62_

2O,354

30,712

1971339

151872

Mlterlal: Beryllium

N x Nominal: -12,831 lbs/m.

No bk_mtlml: 12.831 ms/m.

18._5

21_719
39,064

3O9,3O9

13r931
zo,n47

23,971
5S.N2

23_1631
L7._79

Z2.595

24.030

97.3_

19,925

301 Veh/cle C oal/Iplr atlon

BecU_ Number 2

LII_ Tank Bottom Head

H x _ N o -
_-- Nora _- Nora • 7

x o

HYC

OFC

SFC

HYC

[88

_9 MON
OFC

SFC

HYC

.3 MON
OFC

SFC

HYC 12. 447
B_

1.0 MON 10,299
OFC
8FC

HYC

1.1 _N

3FC

Material: Beryllium

N x Nomlnll: -

Uo Nom_: 7753 ma/m.

14,193 15,930 17r702 19T453

11,771 13,342 14,714 _6.193

MttertiZ: BO_tU_

301 Veblcle Co_f_au_ Nx Noml_d: -88O6 Ibs/m.
SecU_ Number 9

LHz T_ CyUnder (770" - 229O") No BOm_Ad: 15,473 Ibe/m.

N _ N
• o

_- Horn _'- _om .7 .9 .9 1.0 I.I

HYC _0.7A3 9O. 191 i00,544 1ii, O93 131,750
]_ 138,4_4 138,484 138,484 138,484 139,484

.7 M_N 239.033 _33,033 233,033 2391039 233.O93
OFC

3FC

HYC 82,043 91,338 I01,34O 1Ii.$99 122. 242

ISS 139,702 138, 7O2 138,702 138 _703 138,70_
•9 MON 245,32S 349.3_6 243.3_ _. 3_ 245. _

OFC

SFC

H_C 84,7O9 33,349 I02 r 431 112r 497 1331965

138,921 138.321 138.931 13a.321 13a.321

.9 MOH 239,708 ;55,7_8 256.70S 2SS.70_ _.7_
OFC

SFC

IP_C SS.60_ 33, _A0 I09,_28 _13_55S 123._
139, la9 133,139 139,133 193,139 193 r 139

I. 0 MON 237,333 267,333 237.335 387.333 2ST.33S
OFC

8FC

C 94,175 98r449 105,967 1_4._ 124.712
133,337 199,357 139.357 13a. 3s7 139.3_7

I. 1 MON 377,32? 27713_ _77.9_7 377.327 277.327
OFC
SFC

301 Vehicle Coo_qp_lu_

Sectio_ Number 4

LOX Tank Cylinder (3280" - 2329")

N x _ N o _

I_c 1,755

.7 _N 4,_9

OFC

3FC

_C 1,733

_S_ 3,439
.9 1ION 4,_9

OFC

3FC

_ 3,4_

.9 MON 4.481
OFC

3FC

3,429

1.0 MON 4,667

OFC
BFC

ItYC 1,755

_ 3,4'_
1.1 4,941

3FC

Ma,._rt_t: Borytltum

N x Nominal: -1857 lbs/ln.

N o Nominal: 11,_$5 |bB/tm

.9 .3 1.0 1.1

_.004 2,253 3,301 3,750

3.4Z9 9,429 3,439 3,429

4,0_ 4,O68 4,_ 4.0SS

2. 004 Z. 353 2. 301 2.7_0

3_4Z9 3,429 9_4_ 3.429
4,283 4,Za9 4.28_ 4.283

3,004 21259 2.5_| 2.75O

9.429 3,429 3,43# 31429
4.491 4.4_! 4.4_1 4.4al

3,004 Z,ZS3 2,59_ 3,_30
9,429 3.429 3._9 3.429

41367 4,637 4.Sa7 4.667

3. 004 2. ZS3 2.5al 2.75O

3,43# 3.429 9.43# 3.43#

4.841 4._1 4.841 4._11
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Weight/Load Matrices - 301 Vehicle

(
/

/
(
\
\

/
/

i
J 1_j

301 Vehicle Cont|prsU_

_k_tloo Number $

LOX Tsak Top 14e_

i_ _ N o -
• o

7 MON

OFC

sF¢
HYC

zn_
.e MON

OFC

8FC

,9 MON
OFC

SFC

1,0 MON

OF¢
8F¢

1,1 _N
OFC

8FC

Mltert,d: Berylllum

N x Nomlnal: *

N O NomtmaJ: 4O28 Ibs/m.

?.qPSS O, ?5P 9. e32 10,903 11975_D___

e,30s ?,$03 e,lo3 9,oo3 Ll03

301 vsbicle c o_ii_ mtl_

_uoo N_Ser e

For_*a;'d Oi[i_ (2328" - 2724")

N x 4 N o -

x o

C ?,u??
12TOS9

• 7 _N 43.854
OFC es. 172

8FC 11.4,3

.8 _N
OFC

8FC

}nCC

m

• O MON
OFC

8FC

W

|. 0 MON
OFC

|FC

1.1 _N
OFC

MtterIid : Beryllium

N Nomlmd : -388O Ib|/tn.

N o Nomta,d: 388O Ibs/_.

,s $ 1.o

S,?_t
12,5_

45,144

6Jl671
t2,363

13r 341
4?r 34o

73,8_e

l$a 0:i2
1o. 570

14,049
49, IM

??T db6

13a718

11

IS sat

81,e97

14.M4

Sol Vektcle Co_qE_rsu_

IkpotJom Numl_r 7

lutr_nt U._t (a7_4" - 3._")

N _ No-

! 31155
• ? _N 11,3T1

OFC 53.47O

$FC 3.0$S

ItYC

e k_N
OFt

S_'C

NYC

.0 MON

OWl:
SFC

_c
1.0 MON

OFC

8FC

ItTC

J

1.1 _N
OFC

8WC

3,sTs
3,4S6

11,e65

5L les
3,344

Material : Beryllium
N Nomlul : -37S3 lbs/Ln.

N o Nomlo_: 3751 lbe/tn.

S,8_

a,CAt7
13.41e

e0,e_
_,444

_el5
3,098

13tM3O

e3r909

|,87e

4.sTs

13_413
47.o3_

3.alO
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APPEND_ D

PRESSURE COUPLING EQUATIONS

D1 NOMENCLATURE

The equations used here are taken from References 27 and 28.

h 1

h2

E

R

P

M

V

(Y

X

Cap thickness, in.

Barrel thickness, in.

Young' s modulus of elasticity, lb/in. 2

Radius, in.

Pressure, lb/in. 2

Moment, in. -lb/in.

Shear, lb/in.

Stress, lb/in.

Poisson's ratio, = 0.3.

Distance from cap barrel juncture to a point in the barrel, in.

Subscripts

@ Hoop

q_, X Meridional

D2 PARAMETERS

HEMISPHERICAL CAP

= Ehl/R 2

4[ 3(1 - 2)
k I

R 2 h_

C = E h I

_?z = 12(1 - v2)

PR 2
P - 4C _i

D-I
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C22 -
1+ 2p ,, z

C23 " = -el2

CYLINDRICAL BARREL

PR
N - 2

Eh
2

K2 =
R 2

k 2 = 4/ 3(i - v 2)

R 2 h_

2

z = K/x

N
A = m

Z

D3 DISCONTINUITY LOADS CALCULATIONS (See Figure D-l)

_ v 1 1

M

i B

Czl +
241+A

k2(Z + 2N)

/4X241 +A\ Z + 2N - C22

( + 2 )C2z Z + 2N
2tZ+2N

D-2
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V = M

4X2 _/1 + AZ+2N

D4 STRESS CALCULATIONS

D4.1 HEMISPHERICAL CAP DISCONTINUITY STRESS CALCULATIONS

Membrane

PR

_ 2h 1

Total Meridional Stress

V 6M

_I hl h?

V 6M

Total Hoop Stress

2

2XIR 2AI v6M

= 2or - _ V + --_---RM +----5-
%1 I l hI

2

2XIR 2X1 v 6 M
= 2a h V + --_--RM - --

%2 1 1 h_

D4.2 CYLINDRICAL BARREL STRESS CALCULATIONS

Parameters

= _,2_fl +A

( © 'E= _VX2 AX2 + 3v + ozMX2 _X2
F__ 2 2 , 2 2 + _ (i- 2_)

D-3
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F
2 3v + _MA2 3v (1 - 2A)]

Rh 2 ]

G

V + 4aMA
2 2

- (i - 2A)_V 21VlX2

H V + otM(2A- 1)
1 + 2A

2
J = -o_V_

1 2 3_ (I + 2A)_]

J = -o_IrA.2 Rh 2

For N < Z

# = _,2 "_i - A

Meridional stress, aX' points where d_x/dX = 0

1
X - fl arc tanflG

cr - McosflX - sinfl + --
Xz h 2 _X fl- he • 2

2

_x_ h_ _x F sin/9 + h-_
e

2

Hoop stress, aO' points where dao/dX = 0

X 1 .= _" arc tan o_ + /gJ'zFj.

x
1 (F2 - °tJ2 _- /9 arc tan (_F " --

D-4
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%
2

%
2

e al-X1 k:(A 1_ (J_
+ 2/

cos _ Xz

cos/3 Xz

" t+ -7 sin/3Xl

+ --7 sin/3X z

Meridional stress, _X' point where d_x/dX = 0

X m

= _- are tanh t3G,

where

X 11o_1+_o,/- _ 2
2fl _,1/-fig 0 < (fiG)

< 1

2

if £8 G) -> 1 maximum stress is the discontinuity stress or the membrane stress.

(rXI eaX h 2 M cosh flX _ h-_
2

(rXz - eaX6h_ (M cosh fiX x) N# sinh _ +_-a

Hoop stress, aO' points where dao/dX = 0

= 1 ( :Fz - a J1 )X a arc tanh aTF "--

2 = --=flarc tanh 'O7F - 5
# a z

D-5
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F11R 1 1 coshflX + sin_hflX 1

%1- h2 + x22(a" + J1 1 7

R

_ _:(_+_ (_cos_x+_ s,_x

N-Neglected

Parameters, and other terms

-X2X

A = e (coskeX + sink2X )

-k2X

B = e (sin12X )

-k2X

C = e (cos _.2X - sin_.eX)

-_ X
2

D = e (cos 12X)

V
W

2M_

_ + 3v

Sl'2 - -_//3(1 /)2)

Discontinuity loads are the same as for pressure coupling except N, A, and p are set

to zero.

Meridional stress points where dax/dX

X = arc tan
W

W- 1

D-6

_ + ._.6_6IM(A)- V ] PR
¢rX-i,2 h 2 _ (B) + 2h--'_

2
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Hoop stress points where d_@/dX = 0

1
= - arc tanXl ,a k _S w(1 - Sl,a) - 1 "11,2 - W(1 + Sl,2)

Stresses

%
1,2

2Vk D
PR a
h h

2 2

2
2MA RC

2
+ ( _¢-)-+ 6---F-vMA

2_ h_

!

(a) Deformations

%

M _lv+':_ N N

kv
%

(b) Discontinuity Loads

Figure D-1. Sign Convention
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APPENDIX E

THIN-WALLED PRESSURE VESSEL FACTOR OF SAFETY

EXAMINED BY A PLASTIC DEFORMATION THEORY

E1 FACTOR OF SAFETY EXAMINED BY A PLASTIC DEFORMATION THEORY

El. 1 INTRODUCTION

A certain gap in technique currently exists when lightweight design is required to

carry maximum load. In order to attempt to solve this dilemma, current engineering

usage generally focuses attention on two theories of elastic breakdown, the yon Mises-

Hencky theory, and the Tresca-St. Venant theory. It is the purpose of this note to

draw attention to the results of a short study which compared the resulting ultimate

strengths of cylindrical tubes and spherical shells designed of three aluminum alloys

by the two theories mentioned and by the maximum energy theory (Beltrami-Haigh).

It was found that the resulting cylindrical structures were conservative when designed

by the Tresca and the Beltrami theories, and were unconservative when designed by

the von Mises theory. The spheres were unconservative by both the Tresca and von

Mises theories, but conservative by the Beltrami theory.

El. 2 METHODOLOGY

Given the following definitions:

FTU =

FTy = yield stress.

_, (r2, _ = principal stresses, a 1

P = limit load.

R o , h o =

R,h =

12 =

0" =
O

ultimate tensile stress.

>__(T --_0" .
2 3

original or unstrained dimensions.

strained dimensions.

Poisson's ratio.

yield stress and Ramberg-Osgood parameter.

For the plane stress state, the three theories of strength used are stated as follows:

E-1
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Tresca _ = cr - ff
e 1 3

= + cr - 2vff ffBeltrami cre 2 1 2

where _ is the so-called effective stress.
e

The above equations result in the subsequent design formulas:

CYLINDER:
PR

o
yon Mises h = 1.4 (E-l)

o FTU 2

PR
Tresca h = 1.4 ------9-0 (E-2)

o FTU

PR
Beltrami h = 1.4 o _.66

FTU 2 ' v = 1/3 (E-3)O

SPHERE :
PR

von Mises and Tresca h = 1.4 o (E-4)
o 2 FTU

PR
Beltrami h = 1.4 o v = 1/3 (E-5)

o _C_ FTU'

In Equations E-1 through E-5, 1.4 is the desired factory of safety.

The ultimate load was determined by means of a relatively simple concept which used

the Ramberg-Osgood three-parameter method to define the stress-strain curve, and

the von Mises flow rule to determine inelastic action in the biaxial state of stress.

Complete derivations are given in paragraph E3 for the structures mentioned above

and for a uniaxially loaded bar.

E 1.3 RESULTS

Figure E-1 graphically demonstrates the relative differences between thethree theories

used. It is noted that the cylinder where crx/cr 2 = 2 provides the greatest discrepancy

E-2
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ff
2

"- -LL=-=-_J

Maximum Shearing
Stress (Tresca)

Strain Energy or
Distortion (von Mises)

_.._. _ Maximum Energy
(Beltram), v = 0.35

Figure E-1. Graphical Representation of the Yield Condition for Plane Stress (a 3 = 0)
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betweenTresca and yon Mises theories, whereas the sphere with _ = _ shows them
1 2

to be in agreement. The Beltrami theory is sensitive to Poisson's ratio and converges

to the von Mises theory when v = 0.5.

El. 3.1 Cylinder

The cylinder was investigated using three aluminum alloys with the properties given

in Tables E-1 and E-2. The materials shown had FTU values nearly equal, but FTy

values vary by large amounts. The actual results of the study are given in Tables E-3,

E-4, and E-5 and by means of Figure E-2. Figure E-2 indicates by the dashed line

that the yon Mises theory may converge to the desired 1.4 if the material has the

ratio FTu/FTy = 1, that is, if it has a flat-topped type of stress-strain curve. This

is only true for a rigid plastic material which is defined in Figure E-4. A simple

example of a cylinder made of deformable material demonstrates that a strict con-

vergence to 1.4 is not possible with either of Equations E-1 or E-2. For a cylinder

stress is of the form

P R/h (E- 6)

Under the loaded condition R > R
o

formed dimensions.

and h < h o, where R° and h° are the original unde-

Therefore

R

p__q < pR h
O

Hence

R
o _ KP R (E-7)

P h -_, K< 1
O

and the resulting Pmax < i. 4 P, where P
max

= 1.4 P is the desired result.

Figure E-2 demonstrates that the cylinder designed by the Tresca theory is always

conservative, whereas the Beltrami theory is sensitive to Poisson's ratio and is con-

servative v = 1/3.
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Table E-1

Ramberg-OsgoodData

Material a cr E x 10 -6
0 0.85

2014-T6

2024-T4

2219-T87

60,100

47,330

53,200

58,000

46,000

50,000

10.7

10.7

10.4

Table E-2

Material FTU and FTy Data

Material FTU FTy FTVFTy

2014-T6

2024-T4

2219-T87

64,000

63,000

62,000

56,000

42,000

50,000

1.14

1.46

1.24

Table E-3

Cylinder Ultimate Load Data
(von Mises)

Material h° PULT PULT/200

2014-T6

2024-T4

2219-T87

0.1676

0.1705

0.1732

272.5

263.6

268.5

1.36

1.32

1.34

Table E-4

Cylinder Ultimate Load Data
(Maximum Shear Stress Theory)

Material h° PULT PULT/200

2014-T6

2024-T4

2219-T87

0.1937

0.1968

0.2

315.0

304.2

310.0

1.58

1.52

1.55
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Table E-5

Cylinder Ultimate Load Data
(Maximum Energy Theory, v = 1/3)

Material h ° PULT PULT/200

2014-T6

2024-T4

2219-T87

0. 1851

0. 1883

0. 1913

300.9

291.1

296.6

1.5

1.46

1.48

E1.3.2 Sphere

A sphere of the same radius and load was designed by Equations E-4 and E-5. The

results for the three alloys are given in Tables E-6 and E-7 and shown graphically by

Figure E-3. Figure E-3 indicates that the Tresca and von Mises theories converge to

1.4. This is only true for a rigid plastic material. The same argument holds for the

sphere as for the cylinder when a deformable material is used; hence the 1.4 safety

factor cannot be achieved by Equation E-4.

Table E-6

Sphere Ultimate Load Data
(von Mises and Tresca Theories)

Material

2014-T6

2024-T4

2219-T87

ho PULT PULT/200

0.09685

0.0984

0.100

274.7

267.8

271.5

1.37

1.34

1.36

Table E- 7

Sphere Ultimate Load Data
(Maximum Energy Theory, v = 1/3)

Material

2014-T6

2024-T4

2219-T87

h
O

0.1116

0.1135

0.1153

PULT

316.6

308.9

313.1

PULT/200

1.58

1.54

1.56
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2.0

"_ 1.5

Tresca
/

_--- /// Beltrami, v = 1/3

/ von Mises

1.0 I I J FT"/FTYu
1.0 1.2 1.4 1.6

Figure E-2. Actual Factor of Safety versus the FTu/FTy Ratio for Cylindrical Shells

2.0 J

1.5 "---- ..L

1.0

1.0

/
/

Beltrami, v = 1/3

Tresca and yon Mises

I I } FTu/FTy
1.2 1.4 1.6

Figure E-3. Actual Factor of Safety versus the FTu/FTy Ratio for Spherical Shells
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El. 4 CONCLUSIONS

The results found indicate that the von Mises theory will always result in a noncon-

servative structure when loaded in biaxial tension, i.e., the true factor of safety will

not be obtained when using standard design formulae derived from the equilibrium con-

dition only. It is also seen that the Tresca theory, while generally assumed to be con-

servative, can in reality result in a nonconservative design in the biaxial stress state where

(r1 _- (r2 . The results do not imply that the von Mises theory of elastic breakdown is

an incorrect theory, but more the victim of the form of the design equations used.

Hence, using a modified theory of strength of the form of the maximum energy theory

is required in order to satisfy the factor of safety requirement and still use the stand-

ard design equations. It appears that no simple form of equation of theory of strength

will always result in the exact factor of safety. This area may be fruitful for investi-

gation in subsequent studies using more extensive data and developed for more com-

plex structures.

E2 METHODS OF PLASTIC ANALYSIS

E2.1 MATERIAL STRESS-STRAIN CURVES

Different types of analyses can be considered for determining the ultimate or collapse

loads of pressure vessels. For demonstration purposes of the stress-strain curves

used in the various theories of plasticity refer to Figure E-4 (Reference 53}.

ff

C

D

O _E

Figure E-4. Stress-Strain Curves for Various Theories of Plasticity
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In Figure E-4:

a. Curve OFED is for a rigid plastic material.

b. Curve OAEBD is for an ideal plastic material.

c. Curve OABD is for a perfectly plastic material.

d. Curve OABC is the nominal stress-strain curve for the real material.

"Nominal" implies that stress is equal for the load divided by the original

cross-sectional area in the simple tension test.

The type of analysis considered here is for the "real" material curve OABC as defined

by the Ramberg-Osgood three-parameter method (Reference 54). Other methods are

discussed in References 53, 55, and 56.

E2.2 DEFORMATION AND INCREMENTAL THEORIES

In formulating a plastic-flow problem, one must decide whether to use deformation

theory or incremental theory. This section briefly discusses each theory.

a. DEFORMATION THEORY establishes a relation between the stress states

and the total strains. It presumes that the path of loading does not influ-

ence the strains. Such an assumption cannot in general be correct; how-

ever Reference 61 argues that the restrictions on the application of

deformation theory are not as severe as formerly thought, Deformation

theory has the advantage of reduction in computation and if judgment is

used, the regions of inapplicability can in many cases be avoided.

b. INCREMENTAL THEORY relates the increment of strain to the increment

of stress in a given stress state. This means that one must consider the

complete loading history and add up the increments of strain at each point

to obtain the final strain. It is evident that considerable computation may

be required to arrive at a near-correct solution of the problem.

E3 TENSILE INSTABILITY

E3.1 INTRODUCTION

In order to predict the failure of a structural component by numerical methods, the

stresses have to be calculated in regions of plastic flow. It is the purpose of this note

to present a simplified stress-strain relation which can furnish sufficiently accurate

results when restricted to uniaxial and biaxial states of stress. The method uses the

Ramberg-Osgood three-parameter method to define the complete stress-strain curve

of the material (the method is easily converted to use of actual material stress-strain
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data). Thedeformation theory of plasticity is used. The yon Mises yield criterion is
used to determine elastic breakdown, and the related flow rule determines the amount

of plastic flow in each direction in terms of the final stress components. The geom-

etry at each stress state is determined by means of the logarithmic strain (also called

the "natural" strain) relation. The theory that is presented here differs little from

that of Reference55 except for the introduction of the von Mises deformation theory

as presented in Reference 56 and the use of the Ramberg-Osgoodmethod of Refer-

ence 54 for determining the material uniaxial stress-strain curve.

E3.2 SYMBOLS

= the principal stresses.
ffl' 0"2' 0"3

0" = the effective stress.
e

¢1' e2' e3 = the principal strains.

£ = the effective strain.
e

"_ = the natural strain.

£ = nominal strain.

_p = plastic stress.

E3.3 SIMPLIFIED STRESS-STRAIN RELATION

E3.3.1 Stress-Strain Relations for yon Mises Deformation Theory (Reference 56)

The deformation theory of plasticity makes the following assumptions:

a. The directions of the principal strains coincide with the direction of

the principal stresses.

b. The ratios of the principal shear strains are equal to the ratios of the

principal shear stresses,

63P - EIP £3P- E2P eIP - eeP

0"3 - % % - % 0"1 - %

c. The volume remains constant in the plastic range,

eip + 62p + 63p = 0.

E-IO
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d. A universal relation exists between the effective stress _ and the effec-
e

tive plastic strain eep, where

IX
e

1 2 2 2

- a + (%-%) + (%-%)

2 2 2

6eP = -_ J(61P - 62p) + (ezP- esP) + (£2P - EsP)

One should note that _ and e are so defined that they become thee eP

stress and strain in the direction of the applied load for a uniaxial

stress condition.

E3.3.2 Stress-Strain Relation (References 55 and 56)

The method derived here relates the so-called effective stress _ expressed as a func-e

tion of the maximum principal stress, called the "decisive stress," to the logarithmic

value of the effective plastic strain expressed as a function of the largest absolute value

of the natural strain (plastic) I_maxl, called the "decisive strain." The natural or

logarithmic strain is related to the conventional strain by the expression

6 = In (i + 6) . (E-S)

In these notes the following expressions for logarithms will be used,

In(.) = log e(.) ,

log(.) = l°glo (") "

(E-9)

Since _ and _ are to be expressed as functions of _ and the absolute value of thee e 1

largest principal plastic strain, one can restrict the theory to using these principal

stresses and strains. Further, only the biaxial and uniaxial tension states are to be

considered. For a biaxial tension stress state, it is assumed that _3 = 0. The deci-

sive strain FmaxI is either "_ or -_ depending upon the sign of the intermediate1 3'

principal strain "@2" Volume constancy is assumed for the plastic state, thus

-- -- + _ = 0 (E-IO)El + 62 S

In Equation E-10, subscript P is dropped and will no longer be used. Equation E-10

is satisfied if -_1 > 0 and _3 < 0 if one ignores the trivial case where "_i = 0, i = 1, 2, 3.

E-II
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From Equation E-10

£ = 6 - £
1 2 3

since-E 3 < 0 always, Equation E-11 may be expressed in the form

= - + 1_31I_ I -62

(E-If)

(E-12)

Equation E-12 gives rise to three cases as follows :

- < 0 then I_z I > I'631 and "_1 is the decisive strain.a. If e2

b. If-_ 2 > 0 then I-_z I < I'E31 and --_3 isthe decisive strain.

c. When -E2 = 0 then I-_z I = 1"_31 and the common value -ez = --_3

decisive strain.

is the

E3.4 NECKING OF A TENSILE SPECIMEN (Reference 55)

Instability is considered to occur in a simple tension member when localized necking

commences.

In a state of uniaxial tension a 2 = _3 = 0 thus

61

--62 = "_3 = - -2" < 0 (E-13)

and _'z is the decisive strain parameter. Tensile instability will be postulated to

occur when

dP _ 0 (E-14)
d_ z

P = al A

where A represents the instantaneous area of the bar.

(E-15)

When Equation E-15 is differentiated with respect to _'1 the result is:

dP dA dR

d_-q --_ _ + A _ (E-16)

IfA
O

is the unstrained cross-sectional area, then

A = Ao(1 + 62)(1 + 63) (E-17)

E-12
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or

2 8 1
A = A e = A e (E-18)

o O

Thus

m

dA -6z
- -A e = -i (E-19)d'_ o

1

Substitute Equation E-19 into Equation E-16 and solve the result by means of Equa-

tion E-14 to arrive at Equation E-20

d(_
1

d'_ -
1

(E-20)

The next assumption is that the simple tension curve for the material can be expressed

by the Ramberg-Osgood relation (Reference 54)

n

ez = + K

where

0.3853
n=l+

• 5/¸

(E-21)

and

K

In Equation E-21 qo.e5

= 0.85Ec

is the secant yield strength where the line

strikes the nominal stress-strain curve, and ao is the point on the curve at 0.7 E.

Equation E-20 can now be evaluated numerically since

n

_ %
e1 = ln(1 + el) = In 1 + -E- + K -_-

E-13



Volume 2

and

_" O" O" n

e 1 = 1 +--E-+K (E-22)

Differentiating Equation E-22 with respect to
1

d(y
1

1

Ee

gives the relationship

(E-23)

Thus the point where instability occurs or Equation E-24 is found by using Equations E-20

and E-23

m

£

ICRIT
Ee

= (E-24)
n-1

ICRIT ( _ICRIT _l+nK E

where the subscript CRIT denotes critical or the stress where P = P
max

E3.5 INSTABILITY OF A THIN SPHERE SUBJECTED TO A UNIFORM INTERNAL
PRESSURE

For a sphere

PR
ffl = (r2 = ¢7o = -_-_ (E-25)

a ssume

_r _ 0 = cr (E-26)3

The natural strain is given by

_O = "_z = InIR_o I = "_2 (E-27)

and

/- \

= _ -- In (-%---_"er 3 \%/

where R o and h o are the unstrained radius and shell thickness respectively, and R and

h are the instantaneous radius and shell thickness respectively.

E-14
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Since volume constancy is assumed (Equation E-10)

"_3 = -2"c0 = _r

and the decisive strain is

l lmax =

(E-28)

(E-29)

From Equation E-27

g

e0
R = R e

O

w

£
rh =he

O

(E-30)

When Equation E-30 is substituted into Equation E-25 it is found that

p R £0-eo r
_0 - 2 h e

O

and from Equation E-28

p R -3/2_0 r

_ = 2 h o e
(E-31)

Solving Equation E-31 for P gives _r = "_3' _0 = _)

P
2 h° a/2 _ 2h° -3 _i

- R (rle = -R-- (rle
o O

(E-32)

It is postulated that instability occurs when P expressed as a function of _3

maximum, or

dP
= 0

d1 31

reaches a

(E-33)

Equation E-32 gives the relation

d P 3ho 3/2 _3

= --_-O ffle

2h o 3/2_'3 dffl

+-R---eo d(-_)

E-15
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Equation E-33 showsthat instability occurs when

daz 3

d(-_3) - 2
3

% = o (E-34)

For a sphere the effective stress is given by the relation

_e = _ °'0 = °'0 (E-35)

The effective strain is assumed to be

_-2 _/9e02 + = 260c - 9e02e 3
(E-36)

From Equation E-28 it is shown that

=
3 e (E-37)

Using Equations E-21 and E-35"

"_e = In 1 + -_- + K

But

£ = -£ ,
3 e

thus

n

e = 1 +--_- + K

(E-38)

(E-39)

Differentiating Equation E-39 with respect to -_ s
relation

da 3
Ee

d (-F3) - n-i

to satisfy Equation E-34 gives the

(E-40)

*If it is assumed that v = 1/2, this substitution is valid; however, it introduces very

little error for the usual value of 0.3 and greatly simplifies the calculations.

E-16
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Thus, by means of Equations E-34 andE-40, the point canbe foundwhere
D

-6

3CRIT
-2Ee
3

"0.1 n-1

at which point

3/2 
2 h ° 3CRIT

- e
Pmax R o _ICRIT

and the factor of safety becomes

P
max

Plimit

E3.6

Assume

INSTABILITY OF THIN-WALLED TUBES SUBJECTED TO A UNIFORM
INTERNAL PRESSURE

that end effects can be ignored, then for a thin-walled cylinder

PR
0.0 - h - (E-41)

PR
0.Z = 2h - 0.2

(E-42)

0. _ 0 = 0.
r 3

(E-43)

From Equation E-41 and E-42

% = 2%

or

1
0.Z = 20.0 (E-44)

Thus

1 _/(0.1 %)2 + (72 + 0.2
e _/2 1 2

2
0.

2 3-
+ 0. + --

i 4

E-17
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_ %/i +4+i a__321= 4

_ _ _r (E-45)
2 1

Using the Ramberg-Osgood relation, the effective strain for the material is found by

n

ee - E

Substituting Equation E-45 gives the relation*

zVY% )nq-3 a0 + K _ee - 2 E 2E
(E-46)

In the plastic range

6 ---- -6 -
3 1

£
2

(E-47)

When a3 = 0, the resulting equations take on the form of plain stress.

plastic range

6e
£ - io"

1 %

Hence, in the

(E-48)

1
(E-49)

From Equation E-47 it is clear from Equation E-49 that

e = 0
2

and that

(E-50)

ee (3) (E-51)
61 O"e

*If it is assumed that v = 1/2, this substitution is valid; however, it introduces very

little error for the usual value of 0.3 and greatly simplifies the calculations.

E-18
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Substitute Equation E-47 into Equation E-51 for
e

- _1 - 2 ee

2 1

and

(E-52)

From Equations E-47 and E-50

-45
e3 2 ee (E-53)

The natural strains are also defined by

ei = In

(t>¢3 = In

from which it is deduced that

m

61
R = R e , h =

O

B

6 3
h e

o

(E-54)

(E-55)

Substituting Equation E-55 into Equation E-41 the stress becomes

R ei- c3
= p o

ai _o e

From Equation E-47 "e3 = -_i' since "e2

R 0 2"61

_i = P_o e

= 0, and

(E-56)

is the decisive strain.

e z = In(1 + ez) =

Solving for _1' gives

ln(1 + _" (E-57)

Substituting Equation E-46 into Equation E-57 for e e gives

• = In + -_- E (E-58)
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From EquationE-56

P
h -2_

0 1
(E-59)

It is postulated that at Pmax instability occurs.

Differentiate Equation E-59 with respect to "_,

dP h° -2"_l ho -2"_I d(_l

= -2_ _ e + _o e d--_l

For P
max'

dP
-- O,

dh

and

do
1

_'--d = 2 (71
1

(E-60)

From Equation E-58

n

e = 1 + '
(E-61)

Differentiating Equation E-61 with respect to _1 gives the relation
p

4 6

d_ _Ee

= n-1 (E-62)

The proper relationship for Pmax is obtained by combining Equations E-60 and E-62

for , the stress causing tensile instability, viz.
CricRi T = Cr0cRi T

m

£

zCRIT
-2Ee
3

(E-63)

E-20
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at which point

ho 2eICRIT

= _SCRY r -- ePmax R °
(E-64)

P

the ultimate load factor of safety becomes max
Plimit "

E-21
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